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CHAPTER 3
SI TE CHARACTERI ZATI ON AND FEASI BI LI TY EVALUATI ONS
3-1. Introduction. Prior to selecting MPE for inplenentation, the site

characteristics and the nature and extent of contamni nation nust be assessed to
eval uate the feasibility of MPE. Data collection requirenments for initia
technol ogy sel ection are presented at the begi nning of this chapter, along with
a suggested strategy for technol ogy screening. Next, paragraphs 3-3 through
3-6 provide details on required pre-design site characterization paraneters,

i ncl udi ng physical, chem cal, and biol ogical properties of site nmedia and
contami nants, and the corresponding data collection nethods. Paragraph 3-7
presents a checklist of site characterization data requirements. Paragraph 3-8
descri bes remedi ati on technol ogy options. Finally, paragraph 3-9 provides

gui dance on performance of MPE feasibility studies.

3-2. Data Collection Requirenents for Technology Screening. It is advisable
to performtechnol ogy screening as early in the process as possible, preferably
concurrently with site characterization activities. Early evaluation of the
data needs for renmedy sel ection (and design) may reduce the need for subsequent
nmobi lization to the field during design. However, it is usually inappropriate
to collect detailed design data before a renedial alternative has been

sel ected. Those undertaki ng technol ogy screening nmust have a sense of the
overal | renedi al objectives, sone know edge of the nature and extent of
contaminants at the site, and a good grasp of the range of technol ogies
available, including their limtations. Figure 3-1la is a technology screening
matrix for LNAPL (free product) recovery using MPE, and Figure 3-1b is a

t echnol ogy screening matri x for vacuum enhanced SVE/ BV using MPE. Table 3-1
provi des a checklist of site characterization data required for use of the two
screening matrices for technol ogy selection. An exanple format for a Sanpling
and Analysis Plan (SAP) is presented in EM 200-1-3.

3-3. Site Conditions.

a. ldentification of Site Features. Know edge of pertinent above- and
bel ow- ground site features is necessary in the early stages of site
characterization. This is typically perfornmed by a site visit and records
resear ch.

(1) Surficial Topography. Surface topography and surface features can
provi de insight on subsurface conditions such as hydraulic gradient. Surface
features, such as the condition of pavement, have a direct inpact on the
| ateral extent of MPE infl uence.

(2) Surface Waters. Surface waters may provide information on water table
location (e.g., wetland/ swanp, gaining stream) and shoul d be considered as a
potential discharge |ocation for systemeffluent water under a Nationa
Pol I ution Di scharge Elimnation System (NPDES) permt.
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( STOP \

High permeability will generally cause

excessive water extraction during MPE. Consider
cost-effectiveness of this approach with respect
to groundwater extraction and treatment.

G J
4 STOP h

Low permeability suggests that MPE may
not be able to overcome the capillary forces
holding the liquids in the soil. 1f NAPL

may reside in higher/moderate permeability
preferential pathways, then perform pilot test to

determine feasibility.

\ J

( STOP )

Small LNAPL thickness implies that LNAPL
conductivity will be unacceptably low and MPE
will not yield significant quantities of LNAPL.
Screen vacuum-enhanced SVE/BV for achieving
remediation goals.

. /

Is
intrinsic
permeability
<108 cm??
(Kw<10-3cm/sec)

Is intrinsic
permeability
>1071% cm??

(Kyw >10"3cm/sec)

True LNAPL
thickness
>15cm

4z STOP )

LNAPLs with viscosity >10 ¢St include #4
and #6 fuel, which may flow too slowly to MPE wells.
By contrast, JP-4 and #2 fuel have viscosity < lOCSt./

Is LNAPL
kinematic

viscosity <10
centistoke?

Will LNAPL
removal achieve
or help achieve Remedial
Action Objective for
the site?

MPE is unlikely to be effective for recovering
LNAPL at this site. Screen Vacuum-Enhanced
SVE/BV to determine MPE effectiveness for
achieving other remedial goals

MPE is likely to be effective
for recovering LNAPL at this
site. Proceed to pilot testing
to develop appropriate
design parameters.

M980219

Figure 3-1a. Technology Screening Matrix - Vacuum-Enhanced LNAPL (Free Product) Recovery.
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Is
intrinsic
permeability
<10-8cm2?
(K< 10-3 cm/sec)

Is
intrinsic soil
permeability
>10-10 cm2?
(K> 105 cm/sec)
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High permeability will generally cause excessive water
extraction during MPE. Consider cost-effectiveness of this
approach with respect to water extraction and treatment.
Revert to consideration of conventional SVE or BV

(no need for high vacuum).

STOP
Low permeability suggests that MPE may
not be able to overcome the capillary forces
holding the water in the soil. If contamination
may reside in higher/moderate permeability
preferential pathways, then perform pilot test to
determine feasibility.

Henry's law

NO

v

>2x10-3 atm-
m3/mol?

High degree of
contaminant
sorption to
soil?

MPE is likely to be an effective
means of dewatering this site,
enhancing SVE and achieving
remedial goals. Proceed fo pilot
festing to develop appropriate
design parameters.

M980218a

YES

SVE effectiveness may be limited.
Evaluate BV potential.

Expected
Biodegradability Tow STOP
High
9 Y
. < 5°C
Soil Temperature ™1 Consider degree to
> 45°C which biological
50 C to 45°C com_munity is —
A acclimated to

abnormal pH and/or

. <6
Soil pH 5 temperature
+ _6108
Gaseous Oxygen |>5% Consider biodegradation lab tests
Concentration > to evaluate nutrient
limitations or inhibitory substances
<5%
Microbial Population
; No Perform Lab
C%’;;g'rgitﬁg zzg:§> ™ Respirometry Test
Y Yes
Proceed with
MPE pilot study | Successful
including in situ Unsuccessful |-
respirometry testing v
STOP

Figure 3-1b. Technology Screening Matrix - Vacuum-Enhanced SVE/BV (including vacuum dewatering).
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TABLE 3-1
Checklist of Site Characterization Data Needs
for Technology Screening
Source of Rel evant Information
Par anet er (EM Par agr aph No.)
Physi cal properties of soils: 3-4 this EM EM 1110-1-4005, Chapter 3

perneability, bulk density,
nmoi sture content, and capillary
pressure-saturation curves

Stratigraphy, heterogeneity, and
short-circuiting potential of
formation

3-4 this EM EM 1110- 1-4005, Chapter 3

True versus apparent LNAPL thickness

3-5a(1) and 3-5a(2) this EM

solubilities of contam nants, soi

adsorption coefficients

NAPL viscosity, density, and 3-5a(7) this EM
interfacial tension

Henry's | aw constants, boiling EM 1110- 1- 4001, Chapter 2
poi nts, vapor pressures, and

Bi odegradati on potenti al

3-6 this EM EM 1110- 1-4005, Chapter 3

Soi | / groundwat er tenperature

EM 1110- 1-4005, Chapter 3

Soi | / groundwat er pH

EM 1110- 1- 4005, Chapter 3

Gaseous and di ssol ved oxygen
concentration

3-5d(2)/3-5e this EM EM 1110-1-4005
Chapter 3

Respi ronetry/ mi crobi al enunerati on

3-6b/3-6¢c this EM EM 1110-1-4005,
Chapter 3

(3) Buil ding/Basenents.

be considered with respect to access restrictions and site security.
operating schedul es may al so affect operation of MPE systens (e.g.

Even at abandoned sites,
basenents in close proximty to MPE wells can act as

power supplied fromthe facility).
foundati ons or forner
preferential pathways.

(4) Available Uilities

On-site buildings such as active facilities mnust

Facility
MPE system
exi sting

Availability of utilities nmust be checked in

order to ensure conpatibility of any equi prment to be used with avail abl e power

and water supply, etc. It

is also inmportant to ensure that utilities will not

be subject to inadvertent disconnection by facility or security personnel.

(5) UWilities/Subsurface Interferences.

Locati ng underground utilities

must be done prior to any subsurface site work (typically by a utility |ocating

service). On active installations
with the base/facility electrician
groundwat er nmovenent and preferenti al

locating utilities should be coordi nated
Buried utilities may act as conduits for
ai rfl ow pat hnays.

As-bui It draw ngs

(refer to paragraph 3-3a(9)) of buried utilities can be particularly useful
but may need to be suppl enented by information obtained from experi enced

facility staff.

(6) Existing Wlls.
wel | s.

Over head obstacl es such as power
identified as they may inpact use of dril

Exi sting nonitoring wells may be usef ul
Integrity of existing wells and suitability for

li nes should al so be
rigs at the site.

as future MPE
MPE shoul d be verified
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prior to use (refer to paragraph 5-5d. Drinking water wells in the vicinity
nmust be | ocated, as systemdesign nmay be required to prevent plune migration
toward such wells.

(7) Unusual Features. Features such as surface soil stains which may be
i ndicative of a forner spill area; the presence of surface tanks or subsurface
tanks which may be identified by aboveground vent pipes; areas of environnental
stress; surface inpoundnents; and other potential sources of waste should be
identified prior to MPE i npl enentati on.

(8) Verification of Site Boundaries. The property boundaries of the site
should be identified to ensure that the renediation systemwi ll fit within the
site and to identify possible off-site sources.

(9) Verification of As-Built Drawings. Pre-existing as-built draw ngs for
the site can often be located in city or town property records and ot her
archival l|ocations. Caution should be exercised, however, when using these
drawi ngs because they may not be up to date. Al drawings of the site
furni shed or obtained by others should be verified for accuracy in the field.

(10) Evaluation of Site Accessibility. Roadways to and fromthe site,
entries onto the site, gates, and potential restrictions to site access should
be identified.

b. Regulatory Context. An understanding of regulations driving renedi a
activities nust be understood at any site. Paragraph 9-2 provides nore
i nformation on regul atory issues associated with MPE

(1) Renedial Goals. Prior to inplenentation of any remedial activity,
appropriate goals nust be set. It is inperative that nmeasurabl e and achi evabl e
criteria for nmeeting the goals are set in the cleanup criteria and/ or Record of
Decision (ROD) for the site. Once these criteria are established, the design
and operation of the system should focus on attaining the renedial goals. 1In
addition, it will be far easier to denonstrate that goals have been attained if
pl ans for nonitoring and confirmatory data collection are designed with the
evaluation criteria in mnd. Consideration nust also be given to changi ng
conditions (e.g., subsurface dewatering, changing plume) during MPE operation.
Adj ust ment of system operation over tinme (e.g., lowering of the drop tube to
draw down the water table exposing nore of the affected subsurface soil to the
applied vacuum) may al so be required to nmeet the renmedi al goals.

(2) Receptors. Al potentialon- and off-site receptors such as residents,
wor kers, wetl ands, or nearby drinking water wells nust be identified, as
protecting these receptors may be the nmain objective of renediation

(3) Points of Conpliance. Points of conpliance may be specified during
the determination of renedial goals. It nay be required that contam nant
concentrations be reduced to renedial goals within a certain area surrounding
the site or at certain downgradi ent |ocations. These requirenents nmust be
known prior to inplenentation of MPE and it nust be determ ned whether the
chosen technol ogy is capable of neeting renedial goals at the points of
conpl i ance

3-4. Physical Properties. Physical paraneters that provide necessary
i nformati on when characterizing a site for MPE are described in this section
Tabl e 3-2 sumari zes these and other pertinent paraneters relative to soil.
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TABLE 3-2
Soil Physical Parameters
Par anet er Sanpl e Type Anal yti cal Met hod
Air-phase perneability In situ or undisturbed soil Vari ous'
(core scal e) sanpl e
Grain size distribution Split spoon or other soil sanple ASTM D422
Total organic carbon Split spoon or other soil sanple LI oyd Kahn, SW 846
9060
Porosity Undi sturbed 50 to 75 nmm di aneter Cal cul ated fromdry
soil sanple bul k density and
particle density
Dry bul k density Undi sturbed 50 to 75 nm di aneter ASTM D2850
soi|l sanple
Mbi sture cont ent Non-destructive field Neutron access tube
(of unsaturated zone soil) | measurenment; grab sanple; or measur enents (Gar dner
undi sturbed 50- to 75-mm di anet er 1986); ASTM D2216
soi |l sanple
Soil noisture retention Undi sturbed 50- to 75-mmdi ameter ASTM D2325'
(capillary pressure- soi |l sanple
saturation curve)
Stratigraphy/ heterogeneity | Soil borings Vi sual observati on;
Breckenridge et al.
1991; USEPA 1991d;
ASTM D2488; EM 1110-1-
4000
Depth to groundwater and Water table monitoring wells Water |evel neter or
range of fluctuation; i nterface gauge and
hydraul i ¢ gradi ent and surveyed wel |
flow direction el evati ons; ASTM D4750
(ensure that the probe
wei ght is inert)
Hydraul i ¢ conductivity Fi el d Measur enent ASTM D4043; D4044;
D4050; D4104; D4105;
D4106; D5269; and
D5270
Not es: *'USACE Soi| Vapor Extraction and Bi oventing Engi neer Manual (EM 1110-1-4001),
Novenber 30, 1995.
Tabl e Source: USACE In-Situ Air Sparging Engi neer Manual (EM 1110-1-4005), Septenber 15, 1997.

a. Stratigraphy. Stratigraphy within the soils exposed to MPE nust be
understood prior to inplenentation. Soil stratigraphy shoul d be observed
continuously through collection of, for exanple, split-spoon soil sanples
t hroughout the depth interval of the MPE well. Variations in stratigraphy can
dramatically favor the lateral flow of gas in perneable zones and i npede the
flow of gas through | ess perneabl e zones (e.g., clay lenses), potentially
| eaving a large volune of soil untreated (USEPA 1995). Mre information on
determ ning stratigraphy can be found in USEPA (1991a), ASTM D 2488, and EM
1110-1-4001, Soil Vapor Extraction and Bi oventing, Chapter 3.

b. Gain Size Distribution. Gain size distribution data should be
obtained fromsoil sanples collected within the screened interval of the MPE
well. Care nust be taken to obtain representative sanples for grain size
analysis as this paraneter is nmeasured on a small scale. Gain size
distribution data will assist in specifying the well screens. It also can aid
in evaluating the perneability of the soil, which is an inportant consideration
in MPE, as very perneable soils are typically not suitable for TPE
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c. Porosity. Porosity is an inportant paraneter to quantify for the
treatnent zone. The porosity value will assist in determning the perneability
of the soil and is typically a required input paraneter for fate and transport
nmodel s. Porosity nmust also be estimated in order to anal yze data used to
determ ne hydraulic conductivity (e.g., distance-drawdown data).

d. Misture Content. Mdisture content can give designers confirmation of
the location of the capillary fringe when sanples are obtained directly above
the water table (see Table 2-3 for approxi mate heights of the capillary fringe
for various soil types). Although noisture content in soils near the water
table may change with fluctuations in water table elevation, these data (when
correlated with water table elevation) can help in locating the capillary
fringe and snear zone.

e. Water Table Elevation. It is inportant to assenble all available site
data regarding water table el evation when determning the feasibility of MPE or
prior to design. Consideration nust be given to seasonal fluctuations in the
wat er table el evati on because seasonal rise in elevation may cause the drop
tube to becone subnerged and/or nmay “dead-head” certain vacuum punps. Seasonal
water table fluctuations also affect the recoverability of LNAPL. Al though 1
atmosphere (10.3 mHO is theoretically the maxi numvertical distance over
whi ch suction can be used to lift a continuous colum of water, due to punp
inefficiencies and frictional |osses in piping, the maximumattainable lift is
approximately 9.1 mHO (Powers 1992). In applications where the water table
el evation is below the el evation of attainable suction Iift, DPE may be
i mpl emented using a subnersible punp to renove liquid fromthe well.
Alternatively, TPE can Iift water from depths of as nmuch as approxi mately 40 m
when a sufficient air velocity is naintained to convey liquid droplets up the
drop tube.

f. Hydraulic Gradient and Flow Direction. These paraneters can effect
pl acement of wells especially if the MPE systemis used to control off-site
plume mgration. Seasonal changes in weather, surface infiltration
characteristics, and tidal effects near |arge surface water bodies, can have
tenmporal effects on hydraulic gradient and flow direction.

g. Vadose and Saturated Zone Pneumatic and Hydraulic Properties. Detailed
information regarding these parameters is contained w thin existing USACE
gui dance. In particular, the reader should refer to EM 1110-1-4001, Soil Vapor
Extraction and Bi oventing, Chapter 3; and EM 1110-1-4005, In-Situ Air Sparging,
Chapter 3.

(1) Perneability. As is the case with all in-situ remediation
technol ogies that rely on inducing novement of fluid to acconplish nass
transfer, MPE performance depends strongly on the perneability of the soil. It

is therefore essential to evaluate the permneabilityof the zones targeted for
MPE. Chapter 2 discussed the role that intrinsic and relative perneability
play in the physics of multiphase flowin the subsurface. It is often usefu

to neasure perneability on nore than one scale, i.e., at the field scale

t hrough punping tests, slug tests, and in situ air permeability tests; as well
as in the laboratory through nmeasurenment of "intact” undisturbed soil cores. A
program that combi nes two neasurenent scales, for exanple, such as a snal

nunmber of slug tests or in-situ air perneability tests, and a | arger nunber of
core-scal e neasurenents, offers the possibility of correlating the two. The
correlation can allow extrapol ati on of val ues obtai ned using both scales at a
few | ocations, to other nore nunerous |ocations where data are obtained only at
the core scale (Baker et al. 1995; Baker and Groher 1998). Substantial area
and vertical variations in perneability/anisotropy can significantly affect MPE
effectiveness because of their potential to focus fluid flow on sone regi ons or
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zones and in certain directions, while essentially by-passing others entirely.
Exanpl es of ani sotropy nmay be seen fromthe difference between field-scal e and
| aborat ory-scal e neasurenents. Field tests (e.g., punping tests) tend to give
results that show the dom nant influence of horizontal perneability, while

| aboratory neasurenents within vertically-oriented soil cores reflect only
vertical perneability. For this reason, the methodology in testing

permeabi lity rmust be known and taken into account when anal yzi ng these data

As di scussed above, the nost useful results will nost |ikely be obtained by
eval uating both field- and | aboratory-scal e neasurenents. Applicabl e nethods
for measuring and estimating perneability are described in EM 1110-1-4001, Soi
Vapor Extraction and Bioventing, Chapter 3 and Appendix D, and EM 1110- 1- 4005,
In-Situ Air Sparging, Chapter 3.

(2) Goundwater Yield. Experience suggests that if a TPE well will
produce a groundwater yield in excess of 20 L min' (> 5 gpm) at a given |evel
of applied vacuum too nuch water will be extracted and the TPE well will tend
to becone fl ooded (paragraph 2-5e(5)(a). It is generally preferable at such
| ocations to use DPE

(3) Capillary Pressure-Saturation Curves. Although it has not yet becone
a w despread practice, it can be extrenely valuable to collect capillary
pressure-saturation data on "intact” undisturbed soil cores. As discussed in
Chapter 2, such data can be used to:

. Determ ne the air energence pressure, i.e., the negative pressure
(vacuum that will need to be applied to saturated soil to initiate
airflow (Baker and G oher 1998).

. Infer the effective thickness of the capillary fringe, w thin which
air permeability k,=0.

. Provi de van Genuchten (1980) a and n paraneters for use in
determ ning true versus apparent product thickness (paragraph
3-5a(2).

. Provi de i nput parameters for nultiphase fl ow nodeling

Appl i cabl e met hods are specified in EM 1110-1-4001, Chapter 3, and EM 1110-1-
4005, Chapter 3. Note that the "inflection pressure" (P ) described in the
latter publication and in Baker and Groher (1998) is the sanme as the "air
emer gence pressure” (P) discussed herein.

(4) Thickness of Capillary Fringe. An additional paraneter of great
interest in the context of MPE is the vertical distance above the water table
over which the soil is saturated, with capillary pressure 0<P<P, terned the
ef fective thickness of the capillary fringe. This parameter can be detern ned
t hrough direct neasurenent of soil noisture content by collection of sanples
and gravinetric analysis, or through in situ neasurenents using a neutron
probe, time donain reflectonetry (TDR), capacitance probes or buried resistance
bl ocks. Alternatively, this paraneter can be obtained fromcapillary pressure-
saturation curves (paragraph 3-4g(3)) or estinmated from grain-size distribution
data (Table 2-3). Applicable methods are specified in Table 3-2 (this EM, in
EM 1110- 1-4001, Chapter 3, and EM 1110-1-4005, Chapter 3.

h. Collection of Soil/Aquifer Sanples. The physical properties described
above can be defined with reasonabl e accuracy by a variety of invasive and
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renote sanpling nethods including analysis of soil and groundwater sanples,
hydraulic testing, and surface and borehol e geophysics. Wen using these data
to assenbl e conceptual and quantitative nodels of site conditions, it is
inmportant to keep in mnd the levels of uncertainty associated with each
nmeasurenent. Wile sone information such as water table el evations and
hydraul i ¢ gradients can usually be determ ned quite accurately by

strai ghtforward neasurenents, other properties, such as hydraulic conductivity,
can be nmeasured in many different ways and can vary widely due to typical site
het erogeneity, and different scal es of measurenment. \Werever possible, it is
best to make many neasurenments, conparing results fromdifferent approaches and
considering the limtations of the sanpling and anal ysi s nethods enpl oyed.

This is generally true of all site data, which are used to formthe "conceptua
nmodel " of site conditions. An effort should be nade to capitalize on the
interrel atedness of the data. Collection of sanples discussed in this section
applies to both LNAPL and DNAPL except where noted. Additional guidance can be
found in EM 200-1-3, Requirenments for the Preparation of Sanpling and Anal ysis
Pl ans.

(1) Hazards of Invasive Characterizati on Methods.

(a) Installing borings or monitoring wells in areas of known or suspected
DNAPL rel eases runs the risk of intersecting residual or nobile DNAPL during
drilling, and potentially carrying contam nation deeper into the subsurface
Commonly known as "short-circuiting,” the problemis worst in the presence of
thick accunul ations of potentially nobile DNAPL, and is exacerbated by | ow
viscosity and/or high density DNAPL. Short-circuiting may occur during
drilling, along the open borehole, and/or after well conpletion, along the
sandpack. In addition to spreading contam nation, short-circuiting can al so
create difficulty in the interpretation of analytical results. To curb these
hazards, non-invasive nethods (e.g., geophysics and shallow soil gas surveys)
may be used. However, non-invasive neasures al one generally cannot provide
enough detailed information to characterize a site. Were drilling is required
over | ess invasive neasures, or where known DNAPL source areas cannot be
avoi ded, continuous soil cores should be collected and anal yzed by vi sua
i nspection and gas analysis as drilling proceeds. Visual inspection can be
ai ded by hydrophobic dyes (e.g., Sudan IV) and/or ultraviolet |ight.

Typically, drilling is curtailed if DNAPL is reached. During drilling, high

density drilling nmuds and high water pressures can be used to inhibit the entry
of DNAPL into the borehole. Additionally, telescopic drilling may be used, in
whi ch successively snaller drilling casings are installed as the borehol e
proceeds downward. |Ildeally, each segnent of casing is terminated in an

aquitard. Thus DNAPL in upper |ayers cannot nove down through the open boring
or along the sandpack into |lower layers. This nethod is slower and nore costly
than conventional drilling.

(b) To mnimze the chance of short-circuiting, several precautions should
be taken. These are included in the discussion of the investigation options
below. A nore focused discussion of specific DNAPL issues is given in
par agr aph 3-5b

(2) Information from Borings and Excavati ons.

(a) Soil borings can provide soil sanples and intact cores that can be
visually inspected on-site and sent to a |aboratory for neasurenent of physica
properties. Excavations (test pits or trenches) offer the added advant age of
direct in-situ observation of the sidewalls. Test pits can be excavated to
depths of 3 to 5 m depending on conditions, and afford a val uabl e vi ew of
i nportant features such as vertical fractures and the lateral continuity of
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fine grained | ayers. Visual inspection and grain size analysis hel p define
stratigraphy, which provides a framework for the subsurface data.

(b) Aternately, snall diameter direct-push drilling methods, while they
still must be properly abandoned after sanpling is conpleted, can be used to
reduce the risk of short-circuiting (see paragraph 3-4h(1)(a)). Wen these
met hods are conbined with continuous coring, field screening and on-site rea
time analysis, they provide a cost-effective and relatively safe approach to
coll ect necessary data from DNAPL source areas and at sites in general. An
exanpl e of this technology, Site Characterizati on and Anal ysis Penetroneter
System (SCAPS), is described in Cone Penetroneter Site Characterization
Technol ogy Task G oup (1996).

(3) Collection and Analysis of Intact Cores. Nornal soil sanpling nethods
(e.g., split-spoon sanpling) often disturb the sanple and thus change the
sampl e’ s physical properties. Therefore, collection of undisturbed intact
cores is necessary for accurate | aboratory analysis of these paraneters. Care
shoul d be taken in the process, since the extent to which intact cores are
truly "undi sturbed" is a point of debate. |In addition to hydraulic
conductivity and porosity, mentioned above, another class of inportant core
data includes paraneters associated with fractured bedrock and clay: fracture
orientation, spacing, aperture, and secondary porosity. These data are
necessary for characterizing flowin fractured nedia. However, the hazards of
drilling in DNAPL zones are intensified by drilling in bedrock. The brittle
and irregular nature of fractures can lead to unpredictable nobilization of
DNAPL. Therefore, it is advised that an "outside-in" approach be applied when
drilling in bedrock near suspected DNAPL zones

(4) CGeophysical Methods for Hydrogeol ogic Characterization. Surface and
bor ehol e geophysi cal nethods provide useful, non-invasive tools for
characterization of stratigraphy and perneabl e pathways in the subsurface.

Met hods incl ude el ectromagnetic (EM conductivity, electrical resistivity,
neutron thermalizati on, ground-penetrating radar (GPR), and hi gh-resol ution
seism c surveys. These methods can provide el evation contours of stratigraphic
surfaces and the water table. Although borehol e electrical nmethods and surface
GPR have been shown to nap DNAPL novenent and distribution in ideal settings
(Brewster et al. 1992), the ability of geophysics to detect DNAPL is still not
cl ear (Pankow and Cherry 1996). Paragraph 3-5a(6) provides information on
geophysi cal met hods for contam nant detection

3-5. Chem cal / Cont am nant Anal yses

a. LNAPL.
(1) Measurenent Techni ques for Apparent LNAPL Thi ckness.

(a) The thickness of LNAPL observed floating on groundwater in a well is
terned "apparent thickness,” to differentiate it fromthe "true thickness”
whi ch exi sts both above and bel ow the water table in the surrounding formation.
The rel ationshi p between apparent and true thickness is discussed below in
par agr aph 3-5a(2).

(b) The techniques available to neasure the apparent thickness of LNAPL in
wel I's include interface probes, hydrophobic tape, hydrocarbon detection paste
on steel tape, transparent bailers, and other discrete depth sanplers. Wth
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any of these nethods, it is inportant that care be exercised to mnimze

di sturbance of the liquid colum during the nmeasurenment process. The interface
probe is a device that uses optical and conductivity sensors to distinguish the
air-liquid and LNAPL-water interfaces. Interface probes can be used to neasure
LNAPL and DNAPL thicknesses to within 0.3 to 3.0 cm (Mercer and Cohen 1990).
Hydr ophobi ¢ tape and hydrocarbon detection pastes show the top of the liquid
level as a wet line and the LNAPL-water interface as a color change. This
nethod is accurate to within 0.3 cm Finally, transparent bottom| oading
bailers may al so be used to carry a sanple to the surface for approxi mate
measur enent of LNAPL thickness. The bailer should be |Iong enough so that its
topis in air when the bottomis in water. To avoid overestimation due to
LNAPL response while lowering the bailer, time should be allowed to attain
hydrostatic equilibration while the bailer is |owered.

(2) Apparent Versus True LNAPL Thi ckness

(a) At a site where LNAPL such as gasoline or diesel fuel is present in
the subsurface, LNAPL is typically observed in wells screened across the water
table and capillary fringe. Al too often, however, LNAPL is viewed as
occupying an oil-saturated "pancake" in the surrounding formation, the
t hi ckness of which is msconstrued as being linearly related to the thickness
of the measurable LNAPL in the well. Although LNAPL reveals itself as a
discrete oil lens floating on the water in a well, it does not occupy a
distinct layer with a constant S, floating on the top of the capillary fringe
in the surrounding soil. For it to do so would violate the fundanenta
equations that describe the fluid pressure distributions in the porous nedium
and the nonitoring well under conditions of static equilibrium (Farr et al.
1990). Nor is the apparent thickness, H (defined as the measurabl e thickness
at equilibrium of the LNAPL lens in the nonitoring well), equal to the true
t hi ckness, V, (al so known as the "hydrocarbon specific volune," defined as the
actual hydrocarbon volunme in excess of S, per unit surface area of soil or

aqui fer) (Lenhard and Parker 1990; Newell et al. 1995). 1In addition, even in
the absence of water table fluctuations, the upper and | ower elevations of the
oil lens floating in the well are not equal to the upper and | ower el evations
within which LNAPL is present within the soil. This elevation equival ency
would hold only if the pores in the fornmation were all large, and the capillary
forces and the Sor value thus infinitesimally small, as would be the case in a

gravel deposit or a "delta function" soil (Figure 3-2a). Such a condition is
rare in nature, and is thus not a realistic conceptualization

(b) As we consider soils whose pore size distributions trend towards
| arger fractions of the smaller pore size classes, the magnitude of capillary
forces increases, as does the degree to which the apparent thickness
overesti mates the true thickness (Lenhard and Parker 1990; Farr et al. 1990).
The relative distributions of apparent versus true LNAPL thickness are
represented in Figure 3-2b for a fine sand, and in Figure 3-2c for a silt |oam
These USDA soil classifications would both fall roughly within the silty sand
USCS classification category. (Note that an exact one-to-one correspondence
bet ween USDA and USCS soil classification categories cannot be provided.)
Finally, Figure 3-2d depicts the case of a soil that exhibits a distinct h_,
(or P) value. No LNAPL will drain into a well fromthe soil if the LNAPL al
exi sts at negative gage pressures such that h_ > h_, which will be the case at
S, < S(h,); in this case, H=0 (Lenhard and Parker 1990; Farr et al. 1990).
These authors present anal ytical nethods enabling the prediction of V, in
honogeneous or stratified porous nedia based on the following data: a) site-
speci fic measurements of H; b) van Genuchten (1980) or Brooks and Corey (1966)
h(S) paranmeters, either i) fitted to noisture retention (air-water) data
obtained fromintact soil cores, or ii) estimated fromgrain size distribution

data (M shra et al. 1988; Lenhard and Parker 1990); and, c) p, o, and o,
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val ues obtai ned from nmeasurenents of a sanple of the LNAPL or estinmated from
literature val ues.

() (b)
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Figure 3-2. Relative vertical distribution of apparent LNAPL thickness, Ho, in a monitoring well versus true
LNAPL thickness, Vo, at equilibrium, in: a) a delta function soil or clean gravel, Ho=Vo; b) a fine sand, Vo=
(0.005 to 0.2)Ho; c) a silt loam, Vo= (0.005 to 0.1)Ho. Vo is typically a small fraction of Ho in soils; and d) in
cases where the soil exhibits a discrete NAPL-water displacement pressure, no LNAPL will drain into the
well if it at all exists at negative gage pressure. S = saturation. (After Farr et al. 1990; Lenhard and Parker
1990)
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(c) Although the nethods of Lenhard and Parker (1990) and Farr et al.
(1990) are subject to a nunber of sinplifying assunptions and uncertainties
(Newel | et al. 1995), a controlled study that conpared the nmethod of Lenhard
and Parker (1990) to two nmore comonly applied but |ess physically well-founded
approaches (De Pastrovich et al. 1979; Hall et al. 1984) concluded that the
nmet hod of Lenhard and Parker (1990) provided the best estimate of V,

(W ckranmanayake et al. 1991).

(d) It is inportant to note that for typical soils, V. is often found to
range from <<0.01%to 10% of H (Lenhard and Parker 1990; Farr et al. 1990
Baker and Bierschenk 1995). Such low ratios of V, to H reflect the fact that
nmost of the finer pores within the LNAPL zone tend to retain water, not LNAPL.
Thus a reliance on apparent thickness can greatly overestimte the vol une of
nobi l e LNAPL in a formation.

(3) Recharge and Bail down Tests.

(a) Baildown tests have been frequently perfornmed to estinate the oi
content of the formation and spill volunes at sites where LNAPL is found
floating on groundwater in wells. Similar to slug tests, which neasure
hydraul i ¢ conductivity of a formation, baildown tests involve quick renoval of
a volune of LNAPL, and subsequent observation of the Iiquid responses in the

well. The reduced hydraulic head caused by the w thdrawal of LNAPL fromthe
well will induce LNAPL and water fromthe formation to enter and recharge the
well. Both the water-LNAPL and LNAPL-air surfaces are neasured and recorded
over tinme.

(b) The use of baildown tests has begun to change, since physically-based
nodel s have been devel oped for estimating the oil content and spill vol une
based on the observed LNAPL thickness in the well and soil hydraulic properties
(e.g., Lenhard and Parker 1990; paragraph 3-5a(2)). However, additional soi
paraneters are needed to carry out the calculation. Wile these can be
obt ai ned from undi sturbed | aboratory sanples, estinmates of formation oi
content frombaildown tests alone nmay offer qualitatively useful information as
to the recoverability of free product, since the baildown test is conducted at
field scale.

(4) Estimation of Volume of Recoverable Product. Once an estimate has
been nmade of the true versus apparent LNAPL thickness for each |ocation at
whi ch LNAPL has been neasured in nonitoring wells, a conputer program such as
G |1 Vol (DAEM 1997) can be enployed to estimate the volume of recoverable
product at the site. 1In addition, the results of baildown tests can be used in
a qualitative manner to indicate how readily recoverable the LNAPL is, which is
itself a function of the "connectedness" of LNAPL-filled pores to the
extraction wells or trenches at the field-scale. It is inportant to establish
a good baseline estimate of the volume of recoverable product, because this
will serve as a basis agai nst which the progress of the renedi ati on can be
judged. Fluctuations in water table elevation will, of course, affect the
recoverability of LNAPL and thus such benchmark val ues nust be viewed as having
a nmeasure of uncertainty associated with them

(5) Residual LNAPL.

(a) Unless spills occur on inperneable surfaces, LNAPL spills wll
generally sink into the subsurface and mgrate downward until they reach either
a low perneability layer or the water table. The degree of penetration depends
on several factors, including volume and timng of the release, liquid
properties, soil properties, and soil noisture profile. As LNAPL noves, it
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| eaves behind a "residual saturation,” which is defined as the m ni mrum content
which a liquid has to attain in order to nmove in a porous nedi um (or
alternatively the threshold below which it is no |onger able to nove)

(De Pastrovich et al. 1979). The separate-phase liquid | eft behind, trapped by
capillary forces, exists as disconnected bl obs and ganglia, which continue to
act as a source of contami nants that will dissolve into water and volatilize
into soil gas. Residual saturation is the primary control on the penetration

depth of a spill. The anount of liquid retai ned depends on the foll ow ng
factors:
. Medi a pore size distribution.

. Wettability (i.e., which liquid will preferentially occupy snall est
pores; typically water is the wetting liquid with respect to air and

LNAPL) .
. Liquid viscosity and density rati os.
. Interfacial tension.
. Hydraul i ¢ gradi ents.
. Hyst eresi s.

(b) Because of the very snmall scale of many of the controlling factors
(e.g., pore size distribution), and the very wi de range of possible site
conditions, it is inpossible to directly predict residual saturations for a
site. However, ranges of residual saturations for various LNAPL and soil types
have been derived fromlaboratory studies. These ranges can be used to devel op
screeni ng-1evel estinates. Table 3-3 gives estimted ranges of residual
saturation in units of liters of LNAPL per cubic nmeter of soil, for different
types of petrol eum products and soils.

TABLE 3-3

Ranges of Residual LNAPL Concentrations in the Unsaturated Zone
(American Petroleum Institute 1993)

M ddl e
_ Gasol i ne Distillates Fuel Qs

Medi um (L/ ) (L/ ) (L/ nf)
Coar se gravel 2.5 5.0 10.0
Coarse sand and 4.0 8.0 16.0
gravel
Medi umt o coar se 7.5 15.0 30.0
sand
Fi ne to nedi um 12.5 25.0 50.0
sand
Silt to fine sand 20.0 40.0 80.0
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(c) After LNAPL reaches a | ow perneability layer or, nore commonly, the
water table, the LNAPL will spread out in what is often visualized as a
"pancake." Fluctuations in water table el evation generally cause the LNAPL to
al so spread vertically in a "snmear zone," l|leaving residual LNAPL in soil pores
as it rises and falls with the water table surface. Tinme series measurenents
of water table elevation changes can provide estimates of the size of the snear
zone. It is inmportant to appreciate that the notion of a "pancake" is an
oversinplification. Many of the pores within the "pancake" zone will retain
water that will not be displaced by LNAPL. The finer-textured the soil, the
nmore this will be the case.

(6) Geophysical Methods for Contami nant Detection. In general, geophysics
can offer hel pful supporting data for shallow LNAPL detection in dry soils.
The geophysi cal nethod hol di ng nost promise is ground penetrating radar (GPR)
GPR may be used to map hydrocarbons in the vadose zone. A strong contrast
exi sts between the dielectric constant of |iquid hydrocarbon and water in clean
sands, gravel, and clayey or loany soils. The authors indicate that GPRis
able to delineate LNAPL pools and their mgration. The critical prerequisite
for GPR use appears to be |Iow soil noisture content. Electronmagnetic nethods
may al so be used to | ocate gross contam nation by variation in conductivity
(USEPA 1993c). Paragraph 3-4h(4) provides a discussion of geophysical methods
for hydrogeol ogi cal characterization. Additional information on geophysica
nmet hods for contam nant detection can be found in Subsurface Characterization
and Monitoring Techni ques - A Desk Reference Gui de (USEPA 1993c).

(7) Methods of Sanpling and Anal ysis of LNAPL.

(a) Detection and sanpling of LNAPL fromextraction wells can be perforned
using an interface probe and Teflon” bailers or Teflon” strips. The use of

Tefl on" avoi ds potential contanination by phthal ates which can interfere with

t he chenical conposition analyses. The interface probe is |owered into the
well to determine if LNAPL is present. |If LNAPL is determined to be present, a
di sposabl e Teflon" bailer is lowered gently into the well and a sanple is
collected fromthe upper portion of the water table. |If the LNAPL is visible
in the bailer, the LNAPL will be transferred to (1) a 40 nL VOC vial with a
Teflon" lined hard cap (w thout a septum) for chenical conposition anal yses
and (2) a 500 m. glass jar for density, viscosity, and interfacial tension

anal yses.

(b) If the LNAPL layer is not visible in the bailer or the interface probe

does not detect LNAPL, then a Teflon” stripis |lowered into the well, allowed
to pass through the surface of the liquid in the well, and then drawn up

through the surface and retrieved. The Teflon"” strip can only be utilized to
determ ne the chem cal conposition of the LNAPL, not the physical paraneters.

The Teflon” strip is placed in a wi de-nmouth glass jar and preserved with an
appropri ate vol une of nethanol and/or nethyl ene chloride, depending on the

anal ytes of interest. The volunme should be enough that the Teflon" strip is

fully imrersed in the solvent. Preservation of the Teflon"” strip nust be
performed in the field. 1n general, VOC anal yses require nethano
preservation, and SVOC and total petrol eum hydrocarbon fingerprinting anal yses
require methyl ene chloride preservation. The resulting sanple extracts mnust be
shi pped to the laboratory using applicable DOT regul ati ons, which vary
dependi ng on the total volunme to be shipped. Personnel handling the nethano
and/ or methyl ene chloride solvents should take proper precautions, including
the use of protective gloves and safety glasses. Personnel should work with
the solvents in a well-ventilated area to avoid inhalation. Methanol should
al so be stored away fromextrenme heat or other ignition sources due to its
flammability.
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(c) The analytical nmethods associated with the physical and chem cal
conmposition paraneters of LNAPL are summarized in Table 3-4.

TABLE 3-4

LNAPL Physical and Compositional Analysis

Par anet er Anal ytical Method

Physi cal Paraneters

Density ASTM D1475

Dynam ¢ Vi scosity ASTM D88; D4243; D87; D1795

Interfacial Tension ASTM D971; ASTM D2285; Lyman
et al. 1982

Chem cal Conpositional Paraneters

Vol atil e O gani c Conpounds SW 846 3585 or 5035/8260B ( EPA
1986)

Semi vol atil e Organi c Conpounds | SW846 3580/ 8270C ( EPA 1986)

Total Petrol eum Hydrocar bons SW 846 3580/ 8015B ( EPA 1986)

b. DNAPL. The presence of DNAPL presents uni que chal |l enges for MPE
strategies. The reader is referred to Pankow and Cherry (1996) for a hel pfu
di scussi on on DNAPL behavi or and assessnent. DNAPL behavior, particularly in
terns of lateral occurrence and thickness, is radically different fromthat of
LNAPL. LNAPL tends to formrelatively even uniformlayers, aided by the
uni form water surface upon which is it spread. DNAPL "l ayers" on the other
hand are typified by extrenely heterogeneous distributions and unpredictable
transport pathways. A small anount of DNAPL in the subsurface nay be virtually
i mpossible to locate and still lead to extensive and | ong-1asting dissolved
plumes. An inportant consideration in evaluating the appropriateness of MPE
strategies is the potential for significant DNAPL pool nobilization during
dewat eri ng operations. The wetting properties of DNAPL are generally such that
DNAPL tends to "ball up" against water-saturated soils and spread out through
air-saturated soils. DNAPL pools and blobs in a previously saturated aquifer
that has been dewatered have the potential to begin spreading laterally,
i ncreasi ng the extent of contam nation. Previously confined DNAPL can then
find its way to weaknesses in an underlying confining |ayer and continue
m grating downward to contam nate | ower aquifers.

(1) Assessing the Presence of DNAPL. Paragraph 3-4h discussed DNAPL as it
is associated with investigation techniques for defining physical properties in
general. This section focuses on DNAPL as t he object of investigation.

(a) Location of DNAPL source. Accurately |locating a DNAPL source is
difficult. The fact that DNAPL may exist in very fine stringers nmeans that an
extrenely dense vertical and horizontal soil sanpling network is generally
required to find it. Mnor variations in soil permeability can control DNAPL
movenent, shifting its location fromwhere one mght suspect it to be based on
site records and other information. Furthernore, it has been shown that
di ssol ved concentrations in wells can be quite low, even in close proxinmty to
DNAPL pool s, because of long intake screens with resulting dilution and | ack of
vertical delineation (Johnson and Pankow 1992).
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(b) Dense vertical and horizontal profiling of groundwater plunes
downgr adi ent of suspected DNAPL source areas, conbined with stratigraphic
i nformation and historical information on rel ease |ocations, frequency and
vol umes can be used to devel op effective conceptual nodels of DNAPL source
zones (see paragraph 3-5b(1)(e)).

(c) Techniques to |locate DNAPL. Initially, investigators should performa
t hor ough revi ew of historical docunentation, interviews, aerial photographs,
and available site data. After this, the followi ng techniques can be used in
the field: observations during drilling, including visual evidence, enhanced
vi sual evidence (ultraviolet fluorescence, hydrophobic dye), gas anal yses, soi
anal yses, and drilling water anal yses; soil gas surveys; observations of DNAPL
in wlls (quite rare); and geophysical nmethods (conditions permtting). 1In an
experinent to test the ability to detect DNAPL, Cohen et al. (1992)
denmonstrated that enhanced visual evidence inproved the positive identification
of DNAPL from 30% (unai ded vi sual observation) to over 80% As nentioned in
par agr aph 3-4h(4), geophysical techniques may define hydrogeol ogic strata and
|l ocate |ikely candi date areas for DNAPL pooling, but the ability of these
techniques to detect DNAPL itself is unproven. The often discontinuous
presence of DNAPL in the subsurface nakes it difficult even to cone cl ose
enough to the DNAPL to use these techniques

(d) Soil gas analysis of multi-conmponent DNAPL. Soil gas sanpling,
generally fromthe upper 0.5 to 2.5 mof the soil colum, may indicate the
presence of DNAPL in the unsaturated zone. Wen anal yzing gas concentrations
as an indicator of DNAPL presence, it nust be kept in nmind that each individua
component of a multi-conponent DNAPL, in accordance with Raoult's Law, will
have a | ower value than its gas concentration as estinmated fromits pure-phase
vapor saturation. Although |ocalized soil gas sanpling can detect the presence
of shall ow resi dual DNAPL, the highly discontinuous nature of DNAPL occurrence
and novenent makes it likely that DNAPL will go undetected with typical gas
survey sanpling network spacings. Soil gas surveys can be appropriate for
| ocating residual DNAPL provided the soil type and noi sture content are
consi dered when designing the survey. |In principle, gases from SVE have the
potential to reveal the presence of residual DNAPL, but this is likely to be an
even less localized nmethod than soil gas surveys

(e) Dissolved plume delineation using nonitoring wells and profiling.
Al though DNAPLs are referred to as "non-aqueous,” their conmponent conpounds
have sol ubilities which generally far exceed their Maxi num Concentration Linmts
(MCLs) as set by USEPA or other regul atory agencies (see Table 3-5).
Measurenments of di ssol ved concentrations at a site can be used to infer DNAPL
source areas. Because of the dangers of short-circuiting (see paragraph
3-4h(1)) in a suspected source area, it is advisable that investigations use an
"outside-in" approach, where the enphasis is first placed on delineation of the
di ssol ved plune, followed by investigation toward the source zone(s) (Pankow
and Cherry 1996). This approach of defining the dissolved plume nmakes sense
since it is the dissolved concentrations that generally pose the greatest risk
to potential receptors. As a general rule of thunb, Newell and Ross (1991)
suggest that concentrations near or above 1% of saturation (as expected based
on conponent conposition) are indicative of DNAPL. Table 3-5 shows solubility
val ues for sone pure chlorinated DNAPL conpounds. Note that for a DNAPL
conposed of multiple chem cals, the effective aqueous solubility of a
particul ar conmponent can be approximated by multiplying the nole fraction of
the chemical in the DNAPL by its pure phase solubility. This is analogous to
Raoult's Law for vapor. The effective aqueous solubility can al so be
determ ned experimentally.
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TABLE 3-5
Pure Compound Solubilities at ~20°C for Selected Chlorinated
Organic Solvents and Corresponding Maximum Concentration
Limits (MCLs) for Drinking Water Set by USEPA.
(Pankow and Cherry 1996)
Solubility MCL
Compound (mo/ L) (rmo/ L)
1, 2-Di chl or oet hane 8, 690 0. 005
1,1, 1-Trichl or oet hane 720 0.2
Car bon Tetrachl ori de 785 0. 005
Met hyl ene Chl ori de 20, 000 0.01°
Chl or of orm 8, 200 0.1°
Tet rachl or oet hene 200 0. 005
Tri chl or oet hene 1,100 0. 005
New York State Departnent of Environnental Conservation Quidelines for
G oundwat er .

(2) Assessing Mbility of DNAPL.

(a) Sanpling and analysis of DNAPL. If DNAPL is detected and a reasonabl e
amount (usual ly at least 10 cni) can be extracted froma soil sanple or froma
well, it is helpful to send a sanple to a |aboratory for conpositional analysis
and for liquid properties: density, viscosity, and interfacial tension
Contact angle and wettability anal yses nmay al so be perforned to obtain
paraneters used in nore detailed calculations. Laboratory procedures for
measuring these paranmeters are given in Cohen and Mercer (1993). The sanple
will generally be different than any original spilled mxture due to
conposi tional changes that occur over tinme. Therefore, uncertainty in the
conmposition needs to be taken into account in calculations, particularly those
i nvol ving partitioning (paragraph 2-6b(3)). DNAPL sanples may be collected
fromthe bottomof a well using a punp, bottom| oading bailer, or discrete-
depth canister, the latter usually giving the best results with limted sanple
di sturbance. Anal ytical methods should follow high concentration protocols for
use with DNAPL-contanminated soils and waters. It can be helpful to alert the
| aborat ory about sanpl es suspected of containing particularly high
concentrations, such as obvious DNAPL naterial. The discontinuous nature of
DNAPL occurrence tends to result in very wi de ranges of possible constituent
concentrations, however, and may nake it difficult to predict contani nation
levels in a specific sanple. It nay be beneficial to performon-site anal yses
of the DNAPL in order to anticipate concentrations.

(b) Depth of penetration of DNAPL. The depth of penetration of DNAPL into
the unsaturated and saturated zones is controlled by physical properties of the
DNAPL, the nature of the release, and geologic structure. Due to the very
smal | scale of the controlling features, it is inpossible to fully characterize
a site and accurately predict the penetration depth for DNAPL rel eases. Still,
it is inportant to understand the factors involved. In general, the follow ng
physi cal DNAPL properties favor deeper penetration: high density, |ow
interfacial tension, and | ow viscosity. H gh aquifer perneability and vertica
or sub-vertical geologic structure also favor greater depths of penetration
In a famous experiment, Poul sen and Kueper (1992) released 6 liters of PCE into
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t he sandy Borden Aqui fer under two scenarios: an instantaneous spill (over a
period of 90 seconds) and a slow drip (over a period of 100 minutes). The

i nstantaneous spill penetrated 2.0 mand the slow drip penetrated 3.2 m
(Figure 3-3). In both cases, careful excavation and anal ysis showed novenent
of the red-dyed PCE was strongly controlled by bedding structure in the sand.
It noved preferentially along higher perneability layers follow ng the beddi ng
structure. Both spills exhibited significant |ateral spreading due to snall -
scal e bedding. The results denonstrate the wide variability involved in any
estimate of penetration depth

a) Rapid ("ponded") infiltration b) "Driplike" infiltration of
of PCE into unsaturated PCE into unsaturated
Borden sand. Borden sand.
200 -
7/
/
—_ Ve
g 150 //
K] . ¢) Depth of migration vs. volume spilled
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g L7 area of migration and overall bulk
2 L/ residual contents.
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Figure 3-3. Results from Controlled Spill Experiments. (Poulson and Kueper 1992. Reprinted by
permission of Environmental Science & Technology. Copyright 1992, American Chemical Society. All rights
reserved.)

(c) Apparent versus true DNAPL thickness. |In nbst cases where DNAPL is
present at a site, it will probably not be found in wells. [If it is found in
wells, it is inportant to realize that the thickness found in the well wll
likely not reflect the true thickness in the formation. Several scenarios are
possi bl e, including those shown in Figure 3-4. As shown, entry pressures and
relative differences in elevation between the screen and the DNAPL pool result
in a variety of possible thicknesses in the well. Even where a well intersects
a DNAPL pool, relative wetting against water and the pore properties of the
wel | sand pack nay prevent DNAPL fromentering the well screen at all
(Figure 3-4c). The true thickness of DNAPL will only be equal to the measured
thi ckness in cases where the bottomof the well screen coincides exactly with
the bottom of a | arge DNAPL pool and the pool is located in granular nedia in
which it has displaced all of the water fromthe pores.
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g e« Sand Pack |3« Sand Pack
- EE EE\
= — = 4_F)NAPL Layer
Efm = H=
=
= PNAPL Layer
=5 DNAPL in well
DNAPL must be able to overcome DNAPL from upper layers will sink to the
capillary resistance of the sand pack to bottom ot the well.
enter the boring.
c 1 d _
Well Screen = l
£ Sand Pack i Well Screen
) 1< Sand Pack
DNAPL Layer |1
B — = _ DNAPL Layer
— ] -
ey | T} -
i
£ i
: '
No DNAPL in well i
? DNAPL in well
DNAPL may not accumulate sufficiently Small volumes of DNAPL may be mixed
to enter the well, or may leak out of the with fine sediment in the bottom of wells.
boring.
M980246

Figure 3-4. Various conditions under which DNAPL may accumulate and be identifiable in a monitoring
well. (Pankow and Cherry 1996. Reprinted by permission of Waterloo Press. Copyright 1996. All rights
reserved.)

(d) Importance of a confining |ayer during dewatering operations. DNAPL
pool s that have stabilized nmay be renvobilized during dewatering operations.
Changes in hydraulic gradients create pressure changes that can i nduce DNAPL
novenent. |n addition, in an air-water-DNAPL setting, DNAPL will readily
displace the air and directly inbibe into the dewatered portion of the
formation. DNAPL will descend | ower into the subsurface unless an adequate
confining layer exists to inpede vertical nmovenent. It is therefore necessary
to determine if a confining | ayer exists before dewatering.
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(3) Residual DNAPL. As DNAPL migrates in a formation, residual DNAPL wi ||
generally remain in its wake, distributed as ganglia and bl obs which wll
continue to dissolve into groundwater and vaporize into soil gas for extended
periods of time. Al so, DNAPL rel eased into the subsurface will diffuse from
fractures and higher perneability porous nedia into surrounding | ow
permeabi lity porous nmedia (e.g., sedimentary rock matrix and silt and clay).
Long after pool renmpbval or other cleanup activities, the DNAPL | ocked in the
formation pores will slowy diffuse back out into the primary groundwater fl ow
pat hways. WMatrix diffusion and rate-linmted mass transfer phenonmena are the
primary cause of the "tailing" typically observed in soil and groundwater
remedi ati on efforts and the el evated concentrations in groundwater that
typically |l ast decades or centuries (Parker et al. 1994). Downgradi ent
containment is frequently used to address this dissolved plune. However, at
sone sites natural attenuation has been shown to be sufficient to alleviate
risks to potential receptors.

c. Methods of Soil Sampling and Anal ysis.

(1) The devel opnent of sanpling and anal ysis plans shoul d be perforned
usi ng the gui dance docunment EM 200-1-3, Requirenents for the Preparation of
Sampling and Anal ysis Pl ans.

(2) USEPA nethods as well as USACE guidelines apply for the collection of
soil sanples (Table 3-6). Paragraph 3-4h should be referred to for a sunmary
of soil sanple collection nmethods. These nethods are al so di scussed in EM
1110-1-4005, In-Situ Air Sparging. Discussion of proposed soil sanpling
met hods with regulators is al so advi sabl e.

TABLE 3-6

Soil Sampling: Preservation Requirements/Recommended
Analytical Methods*

Cheni cal Paraneter Preservati on Anal ytical Method
Total Organic Carbon ne 4 oz. clear glass jar; Cool, 4°C LI oyd Kahn, SW 846 9060
(TOC) or Fraction
Organi ¢ Carbon (foc)

Ammoni a/ Ni trogen* One 4 oz. clear glass jar; Cool, 4°C EPA 350. 1-350. 3; SMA500-NH, A-H
Tot al Kj el dahl One 4 oz. clear glass jar; Cool, 4°C EPA 351.1-351.4; SMA500-N,, A-C
Nitrogen (TKN)®

Nitrate/Ntrite-N e 4 oz. clear g| ass J ar; Cool, 4°C EPA 353. 1-353. 3, SM4500- N

Ot ho- Phosphat es” One 4 oz. clear glass jar; Cool, 4°C SMI500-P A-F

Total Phosphor us’ e 4 oz. clear g| ass J ar; Cool, 4°C EPA 365. 4; SM4500-P A-F

PH e 4 oz. clear glass jar; Cool, 4°C SW 846 9045B, 9045C
Sul f at e’ One 4 oz. clear glass jar; Cool, 4°C SW 846 9035, 9036, 9038; EPA
375.1-375. 4; SM4500- SO, A-F
Sul fi des’ e 4 oz. clear g| ass ] ar; Cool, 4°C SW 846 9030A, 9031; EPA 376.1,
376.2; SWU500-S A-H
Moi sture content e 4 oz. clear g| ass J ar; Cool, 4°C EPA 160. 1
Sem vol atile Organic e 8 oz. clear g| ass ] ar; Cool, 4°C SW 846 3540C or 3550B/8270C

Conmpounds ( SVCCs)

Total Petrol eum One 8 oz. clear glass jar; Cool, 4°C SW 846 3540C or 3550B/8015B

Hydr ocar bons ( TPH
extractabl es)?
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TABLE 3-6 (Continued)
Cheni cal Paraneter Preservation Anal ytical Method
Vol atile O ganic Three net hods: SW 846 5035 and 8260B

Conpounds ( VQCs)®
(1) Three 5g EnCoreUsanpl er; Cool,
4°C.

(2) Two 40 ML VQA vials with 1 g
sodi um bi sul fate and 5 nL water;
add 5 g soil; Cool, 4°C

(3) One 40 mL VA vials with 5-10 nL
net hanol ; add 5 g soil; Cool, 4°C

*Refer to appropriate state regul ations for guidance.

'Listed analytical methods are for aqueous sanmples and will need to be nodified for soil
sanpl es.

? Can be screened in the field using field screening kits (Petroflag, immunoassay kits) or via
m croextraction/ GG FI D anal ysi s

® Can be screened in the field using headspace nethods along with (G0 and the appropriate
detector (FID, PID, etc.)

USEPA. Test Methods for Evaluating Solid Waste, Physical/Chenical Mthods, SW846, Third Edition including Final Update Ill, Decenber 1997.
USEPA. Methods for Chemical Analysis of Water and Wastes, EPA 600/ 4-79-200, March 1979.
APHA- AWW-WPCF.  Standard Met hods for the Exam nation of Water and Wastewater. 19th Edition, 1998.

Kahn, L. 1988. Deternination of Total Organic Carbon in Sediment. USEPA Region II, Edison, NJ.

(3) Sanples subnmitted for VOC anal yses shoul d be collected for |owleve
(acid solution preservation) and/or high-level (nethanol preservation) anal yses
as described in SW846 Method 5035. O her options are avail able for sanple
collection within SW846 Met hod 5035 and rmay al so be utilized for soil sanples,
if appropriate. Data quality objectives (DQ3s [e.g. required detection
limts]) may require the need for either low level or high | evel preservation
procedures or nay require preservation using both procedures, depending on the
concentration ranges of VOCs in the soil sanples. It may be beneficial to
performon-site anal yses (e.g., using a field gas chromatograph [GC]) of the
soil sanples in order to determine whether the Iow | evel or high | evel method

should be utilized. 1n general, |owlevel analyses should be utilized for VOC
concentrations bel ow 200 micrograns per kilogram (pg/kg); high | evel analyses
shoul d be utilized for VOC concentrati ons above 200 pg/ kg. |If any calibration

ranges are exceeded during the | owlevel analysis, the high-level analysis also
needs to be perforned.

(4) The preservation procedures can be performed in the field or in the
| aboratory. |f preservation is to be perfornmed in the field, trained technica
staff shoul d be available due to the anpbunt of chemicals utilized and the
shi pping regul ations for these chemcals. |In addition, the nature of the
sanple matrix, in cases of high carbonate content, may cause difficulty during
the preservation of the sanples in the acidic sodiumbisulfate solution. 1In

the event that technical staff are not avail able, the EnCoreld sanpler
(verified by the USACE Col d Regi ons Research and Engi neering Laboratory), a
di sposabl e, volunetric, airtight sanpling device (or equivalent), may be
utilized for the collection of sanples. A ninimmof three EnCorel] sanples
(two for low |l evel and one for high | evel analyses) should be collected per
location in order to provide the |aboratory with appropriate backup to
accomodat e the potential preservation problenms or anal ytical problens which
may occur. |If quality control analyses (e.g., matrix spike/ matrix spi ke
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duplicated) are to be perforned, additional EnCored sanples will need to be
col | ect ed.

(5) |If sanples are collected in the EnCored sanplers, the |aboratory mnust
preserve the sanple within 48 hours of sanple collection and anal yze the sanpl e
within 14 days of sanple collection. Therefore, every attenpt should be nade
to ship the EnCored]l sanpler to the | aboratory on the sane day of sanple
collection for same day or overnight delivery. |If the sanples are preserved in
the field, the laboratory nust analyze the sanples within 14 days of sanple
collection. Depending on the total volune of preservatives, the sodi um
bi sul fate solution and the nethanol may be U S. Departnent of Transportation
(DOT) Hazardous Materials and may therefore need to be shipped according to DOT
shi ppi ng requirenents. Depending on the project DQ0ls, the |aboratory should
performthe | owlevel and/or high-level preservation procedures.

(6) Solid sanples also nmay contain high noisture content that may restrict

the use of the EnCoreld sanmpler. |If this occurs, preservation for low |eve
and/ or high |l evel analyses (depending on DQCs) should be performed in the
field.

(7) Whether the preservation occurs in the laboratory or in the field, the
nature of the matrix, if high in carbonate content, may cause effervescence and
thus, significant |oss of VOCs, when preserved in the acidic sodiumbisulfate
solution. If significant effervescence occurs, the sanple should be collected

in an EnCorel] sanpler. The |aboratory should extrude the sanple in water and
anal yze it within 48 hours of sanple collection in order to mininze VOC
| osses.

(8) The options for sanpling VOCs have been outlined above in the order
that reduces VOC | osses and ensures the nost representative sanple. Figures
3-5a and 3-5b present flow charts that sumarize these options. 1In addition to
reduci ng VOC | osses, another objective of these flow charts is to make the
sampling as sinple as possible for the field teamby trying to mnimnze the
amount of chemicals utilized and/or shipped to and fromthe field. These flow
charts shoul d be used by both the field sanpling team and the anal ytica
| aboratory.

d. Methods of Soil Gas Sanpling and Anal ysis.

(1) The purposes of conducting soil gas surveys for MPE are sinmlar to
those di scussed in EM 1110-1-4005, In-Situ Air Sparging. Simlarly, uses of
the data collected fromsoil gas surveys, as well as their limtations, are
di scussed in EM 1110-1-4001, Soil Vapor Extraction and Bi oventi ng.

(2) Table 3-7 sunmmari zes nethods of soil gas collection. Sanpling of soil
gas for VOCs has been broken down into two categories, active and passive
sanpling. Active sanpling involves driving a probe into the vadose
(unsaturated) zone and drawi ng a vacuumto acquire a sanple fromthe subsurface
through the probe into a sanple container or sorbent tube. The radius of
influence will be dependent on the perneability of the soil formation. Passive
sampling involves placing a sanpler containing a sorbent with an affinity for
the target analytes in the ground for a period of tine. The target
contam nants are coll ected by diffusion and adsorption processes.
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Will sample be
collected using an
EnCore™ sampler?

»|F NO, Go To Figure 3-5b

IF YES

Collect three 5g EnCores™ per sample
and cool, 4°C; ship to laboratory

\

Y

Extract EnCore™ #1 .. Extract EnCore™ #2
within 48 hrs of sample collection within 48 hrs of sample collection
as follows: as follows:

Y v

Extrude into a vial filled with
5mL purge-and-trap grade methanol;
store at 4° C for
possible use below

@ Extrude into a vial filled with
5mL water, 1g sodium bisulfate
and a clean magnetic stirring bar

Repeat extraction procedure (&)
> IFNO—— with EnCore™ #3

for laboratory backup; store at 4° C

Does
effervescence
occur?

IF YES

* Store extract at 4° C.
Analyze extract
within 14 days of
Extrude EnCore™ #3 ;
into a vial filled with 5mL water. sample collection date

Store extract at 4° C
and analyze as soon as possible.

Are all
analytes within
the calibration
range?

F YES IF NO

STOP; report data Analyze methanol extract from step
above or from step
of Figure 3-5b, as appropriate.

'

Report results from
analyses of both extracts

M980210

Figure 3-5a. VOC Sampling/Preservation Flow Chart. Use of EnCore™ or equivalent sampler is stipulated
in Method SW846-5035.
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IF NO (FROM TOP OF FIGURE 3-5a)
Preservation in field required
© collect 5g sample aliquot and ®© Collect one 5g sample aliquot

extrude directly into pre-weighed and extrude directly into separate

vial filled with SmL water, pre-weighed vial filled with 5-10mL
19 sodium bisulfate, and a clean purge-and-trap grade methanol.

magnetic stirring bar. —l

IF NO Does
effervescence
occur?
v Y
Repeat previous Cool, 4° C
extraction
step (©)once
Use an EnCore™
] sampler Ship to laboratory
R using appropriate DOT
Cool, 4°C a”g'. g0 t03to5p of regulations
lgure s-oa. (flammable liquid,
Y poison)
Ship to laboratory
using appropriate
DOT regulations
(corrosive) Store extract at 4° C
Return to "*" on
Figure 3-5a

M980209

Figure 3-5b. VOC Sampling/Preservation Flow Chart. Use of EnCore™ or equivalent sampler is stipulated
in Method SW846-5035.

3-25



EM 1110- 1- 4010

1 Jun 99
TABLE 3-7
Soil Gas Sampling/Analytical Methods
. VOLATI LE ORGANI C COVPOQUNDS ( VCCs)
A, Active Sanpling
Wiole Air Collection Media Sorbent Col | ection Media Options
Opti ons
Evacuat ed cani sters Char coal tubes
Tedl ar” bags Tenax” tubes
Static-dilution glass bul bs Anber sor b® t ubes
Gas-tight syringes Silica gel tubes
Colorimetric detector tubes

Applicabl e Sanpling and Anal ytical Method References:

* National Institute for Cccupational Safety and Health (NI OSH) 1984. Manual of
Anal ytical Methods. Third Edition. February 1984.

e USEPA 1987. Conpendi um of Methods for the Determ nation of Toxic Conpounds in
Anmbient Air. EPA 600/ 4-84-041.

e USEPA 1988. Field Screening Met hods Catal og. EPA/ 540/ 2-88-015.

e USEPA 1990. Contract Laboratory Program — Statenent of Wrk for Anal ysis of
Ambient Air (Draft).

e Anerican Society for Testing and Materials (ASTM 1993. Standard Guide for
Soil Gs Mnitoring in the Vadose Zone. ASTM D 5314-93.

* 40 Code of Federal Regul ations, Part 60, Method 18, 1997.

. USEPA, Test Methods for Evaluating Solid Waste, Physical/Chem cal Methods, SW
846, Third Edition including final Update |11, Decenber 1997.

B. Passive Sanpling
Sanpl e Col |l ection Opti ons:
Gor e- Sor ber ” nodul es

Enfl ux® col l ectors

Anal ysi s: solvent extraction or thermal desorption followed by GO M5 anal ysis or
anal ysis by GC equipped with the appropriate detector (FID, PID, ECD, etc.)

Appl i cabl e References:

e Hewitt, A D, Establishing a Rel ationship Between Passive Soil Vapor and G ab
Sanpl e Techni ques for Determining Vol atile O ganic Conpounds, US Arny Corps of
Engi neers, Septenber 1996.

Il. OXYGEN, CARBON DI OXI DE, and METHANE

Sanpl e Col |l ection and Anal ysis Options:
In-situ collection with direct neasurenent using appropriate anal yzer

Active sanpling: Tedlar” bags with nmeasurenent using appropriate anal yzer

(3) Active sanpling can usually be acconpani ed by on-site analysis of air
sanmpl es using GC techni ques acconpani ed with the appropriate detector. Sanples
may be collected in Tedl ar” bags, static-dilution glass bulbs, or gas-tight
syringes. Colorimetric detector tubes also can be anal yzed on-site. Active
sanpling into evacuated canisters or onto nost sorbent tubes and passive
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sampling usually requires nore sophisticated anal yti cal
sol vent extraction,
whi ch woul d not generally be appropriate for field use.

cryogeni ¢ trapping,
[GCT MB], etc.),

e. Methods of G oundwater Sanpling and Anal ysis.
met hods to be performed during the performance of MPE will
during | AS (EM 1110-1-4005).
requi renents for chenical

pur ge-and-trap,
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techni ques (e.g.,
GC/ mass spectronetry

G oundwat er coll ection
be simlar to those

Tabl e 3-8 sumari zes contai ner and preservation
anal yses of groundwater sanpl es.

In addition,

paraneters that can be screened or analyzed in the field are flagged; field-
screeni ng options for these parameters are also |isted.
TABLE 3-8
Groundwater Sampling: Preservation Requirements/
Appropriate Analytical Methods
Cheni cal Par anet er Preservation Anal yti cal Met hod

' Bi ol ogi cal Oxygen Demand
(BOD)

1 L polyethylene or glass bottle;
Cool, 4°C

EPA 405.1; SM 5210 A-B

! Chemi cal Oxygen Demand 125 L pol yet hyl ene or gl ass EPA 410. 1- 410. 4; SM 5220 A-D
(COD) bottle; pH <2 with HO or HSO;
Cool, 4°C

‘Alkalinity 250 nL pol yethyl ene or gl ass EPA 310.1, 310.2; SM 2320 A-B

bottle; Cool, 4°C
'Total Dissolved Solids 250 nL pol yethyl ene or gl ass EPA 160.1; SM 2540C
(TDS) bottle; Cool, 4°C
Total Organic Carbon (TCC) 125 L pol yet hyl ene or gl ass SW 846 9060; EPA 415.1, 415.2;

bottle; pH <2 with HSQ; Cool, 4°C SM 5310 A-D
Iron (total and field 1 L polyethylene or glass bottle; SW 846 6010B
filtered)' pH <2 with HNO; Cool, 4°C
Cal ci um Magnesi um 1 L polyethylene or glass bottle; SW 846 6010B
Manganese, Sodi um pH <2 wi th HNQ; Cool, 4°C
Pot assi um

! Ammoni a- Ni t r ogen

500 nL pol yethyl ene or gl ass

bottle; pH <2 with HSQ; Cool, 4°C

EPA 350. 1-350. 3; SM 4500- NH, A-
H

Tot al
(TKN)

Kj el dahl N trogen

500 nL pol yet hyl ene or gl ass

bottle; pH <2 with HSQ; Cool, 4°C

EPA 351. 1-351. 4; SM 4500

‘Nitrate/Ntrite

250 nL pol yethyl ene or gl ass

EPA 353. 1-353. 3; SM 4500

bottle; pH <2 with HSQ; Cool, 4°C
‘Sulfate 250 nL pol yet hyl ene or gl ass SW 846 9035, 9036, 9038; EPA
bottle: Cool, 4°C 375. 1-375. 4, SM 4500- SO, A-F
‘sul fide 1 L polyethylene or glass bottle; SW 846 9030B, 9031; EPA 376.1,
pH >12 with NaOH 4 drops 2N Zinc 376.2; SM 4500-S A-H
Acetate/liter; Cool, 4°C
L2 pH 100 L pol yethyl ene or glass bottle | SW846 9040A, 9040B; EPA 150.1,

150. 2; SM 4500-H A-B

1
*Tenper at ur e

1 L polyethylene or glass bottle

EPA 170.1; SM 2550 A-B

. 1
“?Di ssol ved oxygen

300 nL BOD bottle; 2 nL M1SO; keep
in dark

SM 4500-0 A-G

300 nL BOD bottle

EPA 360. 1

300 nL BOD bottle; 2 nb M1SO; 2 nL
al kal i ne i odi de azi de; keep in dark

EPA 360. 2

2 Conductivity'

1 L polyethylene or glass bottle;
Cool, 4°C

SW 846 9050A; SM 2510 A-B

* Redox potential (ORP) '

100 L pol yet hyl ene or glass bottle

SM 2580 A-B

! Har dness

250 nL pol yet hyl ene or gl ass
bottle; pH <2 with HNQ

EPA 130.1, 130.2; SM 2340 A-C

! Phosphorus (total)

100 L gl ass bottle; pH <2 with
HSQ; Cool, 4°C

EPA 365. 4
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TABLE 3-8 (Continued)
Cheni cal Par anet er Preservation Anal yti cal Met hod
! Ort hophosphates (filtered 100 nL gl ass bottle; add 40 ng SM 4500-P A-F
in field) Hgd J/liter; freeze,
-10°C
' Chlori des 125 L pol yet hyl ene or gl ass bottle SW 846 9250, 9251, 9253; EPA
325.1-325.3; SM 4500-d A-F
Depth to free NAPL phase Direct push “soil boring”, e.g., Laser |nduced Fl uorescence
cone penetroneter
° Vol atile Organic Three 40 nL VOA vials; pH <2 with SW 846 5830B/ 8260B
Conpounds (VCCs) HA ;
no headspace; Cool, 4°C
Sem vol atile Organic Two 1 L anber gl ass bottles; Cool, SW 846 3510C or 3520C/ 8270C
Conpounds ( SVCCs) 4°C
* Total Petrol eum Two 1 L anber gl ass bottles; Cool, SW 846 3510C or 3520C/ 8015B
Hydr ocar bons ( TPH 4°C
extract abl es)

' Can be determined in the field using CHEMETRIC or HACH field test kits (colorinetric or
titrinetric nethods); no preservative needed for field tests.

? Can be deternined in the field using the appropriate field instruments (e.g. pH neter,
conduct ance neter, etc.).

® Can be screened in the field using headspace nethods along with (GC) and the appropriate
det gctor)(FI D, PID, etc.) or using the SCAPS HydroSparge VOC sensing system (see ot her USACE
gui dance) .

¢ Qlan be screened in the field using i nmunoassay test kits or via mcroextraction/GCFID
anal ysi s.

It is strongly recommended that these paraneters be analyzed in the field.

(1) Drect-Push Methods. |In unconsolidated material, it is often possible
to use direct-push (also called drive point) nethods. A short intake screen
connected to tubing or pipe is fitted with a conical end piece and is pushed
into the ground using drill rods. The short intake (typically 0.3 or 0.6 m
makes it unlikely that DNAPL will be intercepted. It is still possible that
short-circuiting will occur along the sides of the piping. Direct-push nethods
are usually faster and cheaper than conpleted wells and therefore they can
provi de greater sanpling coverage for soils | oose enough to allow their
installation. Goundwater sanples can be taken over several discrete depth
intervals along a "profiling line" to provide a detailed profile of a plune.
The idea is that the profiling line is oriented to forma vertical plane of
data points slicing through the dissolved plune. Although drive points are
very useful, one potential difficulty is that in very fine-grained soils the
smal | intake screens can becone clogged with silt over |onger periods.

f. Considerations Common to Chemi cal Analysis of Soil, Soil Gas, and
G oundwat er Sanpl es.

(1) Reconmmended Anal ytical Methods. Table 3-9 summari zes the chem cal
paraneters of interest and the reasons for analysis of these paraneters.
Addi tional chem cal paraneters may be necessary based upon project-specific
contam nants or DQOs. It should be noted that sanples (soil, soil gas, or
groundwat er) subnmitted for GO M5 anal yses of target VOCs or SVOCs may
occasionally exhibit the presence of unknown conpounds. As opposed to GC
anal yses, the GO M5 technique allows for the potential identification of the
unknown peak. This is done by performng a library search of the peak in
question. The library search program conpares the spectrum of the unknown peak
to alibrary of mass spectra to find a match. Since the nmass spectra in the
library were produced under different instrunmental conditions than the unknown
peak, the identification is considered tentative and the unknown conpounds are
therefore referred to as Tentatively Identified Compounds (TICs). |In sone
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i nstances, the spectrum of an unknown peak may yield a simlar pattern to nore
t han one conmpound. In this case, it is nore appropriate to report the TIC as a
chem cal class (e.g., unknown al kane, al kyl-substituted benzene). The reported
concentrations of TICs are estinated val ues since these conpounds were not
calibrated for by the laboratory. It is inperative to instruct the |aboratory
to identify these TICs in sanples known to be contam nated early in the site
characterization. Once identified, the |aboratory can prepare to calibrate for
t hese conpounds for future site assessnent prograns, which would allow for
accurate identification and quantification

(a) Conprehensive listing of analytical nmethods. Methods for anal ysis of
potential chem cal paranmeters associated with soil, soil gas, or aqueous
sanpl es are sunmmarized in Tables 3-7, 3-8, and 3-9.

TABLE 3-9

Chemical Parameter/Purpose of Analysis

Chem cal Paraneter Pur pose

BCOD to indicate the quantity of biologically oxidizable
material (i.e., electron donors) present; to determ ne
if the BOD level in extracted water will neet the
di scharge requirenment, if applicable

CoD to indicate the quantity of chemically oxidizable
material present; to assess the availability of electron
donors

Al kalinity to deternine whether conditions are too acidic or

al kal i ne to support abundant m crobial popul ations and
whet her or not GO wll be generated as a result of
aer obi ¢ degradation

TDS to determine salinity

TCC to indicate ability of organic conpounds to partition to
the solid or aqueous phases; may be used to assess
availability of electron donors

Iron (total and field to indicate presence of either reductive or oxidative
filtered) conditions and to indicate need for treatnent of iron in
extracted groundwater; ferrous iron may be used to
assess whether ferric iron is being used as an el ectron

accept or
Cal ci um Magnesi um to determ ne presence of cations/anions which could
Manganese, Sodi um precipitate in any treatnment processes
Pot assi um
Amoni a- Ni t rogen to determine nitrogen which is readily available to
m cr oor gani sns
TKN to determ ne total pool of organic nitrogen plus amonia
(i ncludes | ess avail abl e nitrogen)
Nitrate/Ntrite to indicate |l evel of avail able nitrogen and presence of

oxi dative conditions; may be used to assess the
availability of nitrate as an el ectron acceptor

Sul fate to indicate whether subsurface conditions tend to be
reductive or oxidative; may be used to assess the
availability of sulfate as an el ectron acceptor

Sul fide to indicate whether subsurface conditions tend to be
reductive or oxidative, may be used to assess whet her
sulfate is being used as an el ectron acceptor
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TABLE 3-9 (Continued)
Chem cal Paraneter Pur pose

pH to determ ne whether conditions are too acidic or
al kal i ne to support abundant m crobial popul ati ons and
whether or not GO, will be generated as a result of
aer obi ¢ degradation

Tenper at ure I nportant because nany physical, chemical and biol ogi ca
properties and processes are tenperature dependent.

Di ssol ved oxygen to determ ne whether aqueous conditions tend to be
aerobic or anaerobic and the extent to which these
conditions vary with depth and | ocation

Conductivity to indicate salinity and electrolyte content

Redox potential (Eh) to determ ne whether aqueous conditions tend to be
aerobi c or anaerobic and the extent to which they vary
with depth

Har dness to indicate alkalinity and tendency for scale formation

Phosphorus (total) to indicate levels of all forms of phosphorus

Ot hophosphates (filtered to indicate levels of readily availabl e phosphorous

in field)

Chl ori des to determ ne presence of anions which nay indicate
dechl orinati on

Depth to free NAPL phase to determ ne appropriateness and progress of remediation
t echni que

VQCs (soil gas) to estimate the initial concentration in the MPE gas
em ssions; to locate the soil contam nation and gui de
the placenent of MPE wells

VQCs (soil and to assess presence and concentration of target VOCs and

gr oundwat er) associ ated chemicals; to determ ne appropriate
remedi ati on techni que

SVCCs to assess presence and concentration of target SVOCs and
associ ated chemicals; to determ ne appropriate
remedi ati on techni que

TPH extractabl es to assess presence and concentration of TPH and
determ ne type of petrol eum product present; to
determ ne appropriate renedi ati on techni que

(b) Screening nmethods. Tables 3-7, 3-8, and 3-9 al so highlight chem cal
paraneters that can be analyzed on-site. GCeneralized technol ogies are provided
for these on-site anal yses.

(2) Estimation of Total Contam nant Mass

(a) Wen selecting the appropriate renediati on technology for the site, it
is inportant to consider not just the concentrations of contam nant, but the
total nmass of contam nant present in the subsurface. Measured concentrations
of dissolved contam nants have often been the focus of renedial investigations
and are often the regul atory measure by which a site is deened "clean" or
"dirty." However, dissolved phase contam nation nmay be only a small fraction of
the total mass of contami nation present at a given site. To achieve
remedi ati on goals, it may be necessary to renmpbve contam nant nass that is
di ssol ved, adsorbed onto soil, or present as a separate, non-aqueous phase.
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(b) D ssolved contaminants are often in equilibriumw th contam nants
sorbed to the soil matrix. Renoval of dissolved phase contanination via MPE
may result in relatively clean water being drawn into the treatnment zone and
subsequent |y becom ng contam nat ed by adsorbed contam nants re-equilibrating
with the "new' pore water. Simlarly, groundwater that cones into contact
during MPE with NAPL will becone contam nated. Thus it is critical to account
for all of the contam nant mass and the vari ous subsurface "conpartments” where
the mass nay reside (adsorbed, NAPL, aqueous-phase, and gas-phase). Once the
fraction of mass of contaminant residing in the various subsurface conpartments
i s understood, then the remediation strategy can be devel oped.

(3) GCross-Media Correlations. The relationship of chem cal conpounds
detected with soil analyses, and those detected by soil gas and groundwat er
anal yses, is as discussed with respect to SVE/BV and | AS processes (EML110-1-
4001 and EML110- 1-4005).

3- 6. Eval uati on of Biol ogi cal Degradati on Potenti al

a. Factors Influencing Bi odegradation During MPE. One of the potentially
i mportant mnechanisms for in situ treatment of contam nants during MPE is
bi otransformati on. The paragraphs that foll ow di scuss considerations useful in
t he eval uati on of biodegradation and its applicability to a given site.

(1) As with all in situ remedi ati on approaches, the potential for organic
contam nant renpoval by m crobial degradation during MPE is dependent on a
variety of site specific factors, including:

(a) Amenability of contaminants to bi odegradation. 1In general, every
organi ¢ conpound has an intrinsic potential for biodegradation by soi
m croorgani sns. This potential may be governed by intrinsic paraneters such as
the structure of the nolecule or its water solubility.

(b) Presence of mcroorganisns acclimated to the site contam nants. Soi
may contain as many as 10° colony forming units (CFU) nicroorgani sns per gram
of soil, often representing a large variety of organisns. Years of exposure to
envi ronnmental contam nants can influence the nakeup of the m crobial
popul ati on, by providing a substrate or food source for a particular segnent of
the population. Over tine, the microbial popul ation becones acclimated to the
ant hr opogeni cal | y contam nated environnent.

(c) Presence of toxic or inhibitory constituents (organic and inorganic).
Soneti nes, though not often, soil may contain conpounds or el enents to which
the m crobial population has not or can not acclimate. It is very difficult to
determine a priori whether toxic or inhibitory constituents are present in site
soil. There are no specific criteria established agai nst which soil anal ytica
data can be conmpared to identify inhibitory substances. Inhibition rmay be
observed directly during respirometry testing or indirectly through mcrobia
enuneration (discussed bel ow), and the cause of the inhibition may be deduced
However, the sane process that enabl es the mcrobial population to acclimate to
the contam nants of concern often enables the population to acclimate to
potential inhibitors.

(d) Availability of oxygen (or other electron acceptors). M croorgani sns
can use nmany environmental contam nants as substrates or el ectron donors, and
thus transformthe contam nant, often to a |l ess toxic conpound. Oxygen is a
conmmon el ectron acceptor for such biotransfornmations. The potential for
bi odegradati on of contam nants during MPE i s dependent on the ability of the
MPE systemto deliver oxygen proximate to the contam nation. This, in turn, is
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a function of the perneability of the soil. ME w Il primarily affect the
oxygen content of the soil gas and pore water in the vadose zone, and will have
m ni mal affect on the saturated zone, other than possibly drawi ng oxygen-rich
uncont am nat ed groundwater toward the MPE well (s). (Sone conpounds, notably
chlorinated ethenes, are thensel ves used as el ectron acceptors under anoxic
[very | ow oxygen] conditions. Soil aeration by MPE will not significantly
pronot e bi odegradati on of these conpounds.)

(e) Oher chem cal environmental factors. Key factors for determ ning the
potential of contam nant bi odegradation are the availability of nutrients and
suitable pHin the proximty of the contam nation. There are a variety of
nutrients such as nitrogen (N) and phosphorus (P), in addition to
substrat e/ contam nant and el ectron acceptor (typically oxygen), that are
necessary for mcrobial netabolism Wthout these nutrients, biodegradation
may not occur during MPE. Simlarly, soil that has a pH that is unusually high
(>11) or low (<3) may not support biodegradation during MPE. Optimal soil pH
is generally in the range of about 6 to 8 It is inportant to note, however,
that the tendency of soil mcrobial populations to acclimate to their
environment mekes it difficult to identify absolute |levels of nutrients or pH
that are required to support biodegradation in soil.

(2) The potential contribution of biodegradation for renoval of
cont am nant mass during MPE is dependent on the same physical paranmeters as SVE
(e.g., contami nant solubility, soil pernmeability, foc, and soil honpbgeneity),
except the contam nants' volatility. Contanmi nants that are anenable to
bi odegradati on, but not volatile enough to be extracted by MPE (e.g.,
napht hal ene), nay be renoved by bi odegradati on pronoted by MPE through soi
aeration. Therefore, evaluation of biological degradation potential during MPE
i ntended to pronote bi odegradation requires the sane assessnent of physical -
chemi cal paraneters as for MPE that is primarily intended to pronote nass
renoval by extraction, with additional assessnment of the factors described
above.

(3) The contribution of biodegradation to mass renoval during MPE is
primarily rel evant to conpounds that are readily biodegradabl e under aerobic
conditions, such as | ow and noderate nol ecul ar wei ght hydrocarbons found in
petroleum fuels (e.g., gasoline, kerosene, JP-4, and diesel fuel). This is due
to two factors: (1) the el ectron acceptor provided during MPE i s oxygen which
creates aerobic conditions in the treatnment area; and (2) petrol eum
constituents are rmuch nore anenabl e to aerobi c bi odegradati on t han DNAPL
constituents such as nost chlorinated solvents. Subsurface aeration does not
typically pronote biodegradation of chlorinated solvents that are not anenabl e
to bi odegradati on under aerobic conditions. An exception to this rule is
aerobi c co-netabolic biodegradati on of some chlorinated et henes. Sone
m cr oorgani sns, such as nethanotrophs and propanotrophs (nethane and propane
utilizing) mcroorgani snms, as well as toluene degraders can bi odegrade
conmpounds such as TCE, DCE, and VC in the presence of oxygen co-netabolically
(i.e., using the enzynes normally used to nmetabolize their primary substrate).
Si nce co-netabolismof these conpounds does not provide energy for the
m croorgani sms, suitable concentrations of prinmary substrate nust be present
(at least intermttently) to support biodegradation of the chlorinated ethenes.
In the case of nethanotrophic biodegradation, nethane is often present in soil
gas in anaerobic soil conditions. H gh rates of vacuum extraction often
experienced during MPE may depl ete the nethane fromthe subsurface before
significant contam nant bi odegradati on occurs. Also, by aerating the soil, the
anaer obi ¢ conditions that generate nethane are shut down. |n contrast, when
toluene is co-located with these chlorinated ethenes (e.g., when fuel and
chl ori nated sol vents have been spilled at the same site), then aeration due to
MPE nay pronote co-netabolic biodegradation of the chlorinated ethene(s). The
rate of degradation will generally be |ow, but rmay be significant.
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(4) Discussions of biological degradation potential and inportant
m crobi ol ogi cal and environnmental factors can be found in EM 1110-1-4001, Soi
Vapor Extraction and Bioventing, Chapter 3, and EM 1110-1-4005, In Situ Air
Spargi ng, Chapter 3. Sone key factors are di scussed bel ow

b. Respironmetry Testing. Site specific biodegradation potential may be
eval uated by neasuring respiration rates under controlled conditions
(respirometry). A vrespiration test may entail neasuring the rate of oxygen
di sappearance (utilization) as degradation proceeds. A biodegradation rate can
then be estimated based on the uptake rate. Another variation uses the rate of
evol ution of carbon dioxide into the soil gas to performa simlar calculation
Bot h of these approaches nust be evaluated with respect to abiotic sources and
sinks for oxygen and carbon dioxide. 1In the oxygen uptake case, reduced iron
may conpete with mcroorgani sns for oxygen. For carbon di oxi de generation
i norgani ¢ carbonate dissolved in residual pore water and its precipitate may
act as sources or sinks of carbon dioxide. Monitoring both oxygen uptake and
carbon di oxi de generation can help to clarify these confounding influences.
Respironetry tests may be perfornmed under | aboratory conditions, but are best
measured in situ, according to nethods described in EM 1110-1-4001 and AFCEE
Principles and Practices of Bioventing (Leeson and H nchee 1995).

c. Mecrobial Enuneration Studies.

(1) The presence of a high population density of m croorganisns in
contam nated soil is generally indicative of site conditions that have a
relatively high bi odegradation potential. However, a small popul ation density
of m croorgani sms does not necessarily indicate that biodegradation potenti al
is low, but rather that existing conditions are not favorable for pronoting
m crobial growh. |If there are |ow m crobial population densities, it is
i mportant to consider whether there are subsurface conditions limting
m crobial activity that nay be mani pul ated during renedi ation. For exanple, in
soil contami nated with petroleum the concentration of oxygen in the soil gas
may be depleted (i.e., < 2%, and there may be relatively | ow popul ation
densities of aerobic heterotrophic (organic carbon netabolizing) mcroorgani sns
or aerobic contaninant-specific degrading m croorgani snms. However, upon
exchangi ng the soil gas with anbient air containing >20% oxygen during MPE
popul ati on densities of aerobic mcroorgani snms may increase rapidly and provide
the means for biodegrading the petrol eumcontam nants. Simlarly, soil |acking
another limting nutrient such as available nitrogen may have rel atively | ow
popul ati on densities of m croorganisns but may be suitable for biorenediation
if growmh is stimulated through provision of this nutrient.

(2) Conparison of mcrobial population densities of background and
contam nated zones provides additional insight into the feasibility of
bi oremediation. |If there are significantly greater nunbers of either
het erotrophi c or specific contam nant degraders present in the contamn nated
zone, then there is evidence that the microorganisns in the contani nated zone
may be capabl e of bi odegradi ng sone (or all) of the contam nants. Again, the
converse does not necessarily denonstrate that biorenediation is not feasible,
but that there may be sone factor inhibiting mcrobial growth

d. Bioavailability of Separate Phase Liquids. Since mcroorganisns in the
subsurface live in the aqueous phase (i.e., in pore water), (rather than within
the NAPL), biodegradation of contam nants present in NAPL is not directly
possi ble. The rate of biodegradation of the contamnants will generally be
limted by the dissolution of the of the NAPL contani nants.

3-7. Checklist of Site Characterization Data. Table 3-10 Iists data that
shoul d be obtained during site characterization for MPE or during pil ot
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testing.

i ndi cated by the nost "+"
the practitioner nust consider

sites, however,
their specific site.

mar ks.

TABLE 3-10

Items are prioritized so that the nost necessary information is
These priorities are common to nost MPE
how these priorities apply to

Checklist of Site Characterization Data®

Activity

Pur pose

Ref er ence

Soi | Sanmpling +++

Det er mi ne physical and chem ca
soil characteristics

Par agraph 3-4 and 3-5 of
this EM

Cl eanup goals +++

Det erm ne cl ean-up
concentrations and tine-franes

Par agraph 3-3 of this EM

Intrinsic perneability
and air perneability of
contam nated soils +++

Deternmine the potential rates
of groundwater and soil gas
recovery

Par agraph 3-4g(1) of this
EM USEPA 1995
Leeson et al. 1995

Soil structure and
stratification +++

Det ermi ne how and where fluids
will nmove within the soi
matrix; identify possible
perneabi lity variations

Par agraph 3-4 of this EM
USEPA 1995

Depth to groundwater +++

Difficult to apply MPE where
the water table is less than 3
feet bel ow grade. Sone forns
of MPE may not be possible
where the water table is
greater than 25 to 30 feet

bel ow grade (dependi ng on

el evati on)

Par agraph 3-4e of this EM
USEPA 1995

Kittel et al. 1994

Affinity of contam nants
to soil +++

Cont am nants wi th hi gher
soi |l /water partitioning
coefficients are harder to
renove from soi

USEPA 1995;
Par agr aph 3-5c and 3-5e of
this EM

NAPL source +++

Assess possible |ocation(s) and
estimate quantity

USEPA 1996b; Paragraphs
3-5a and 3-5b of this EM

LNAPL bail down test ++

Estimate recoverability of
LNAPL in nonitoring wells

Par agraph 3-5a(3) of this
EM
Leeson et al. 1995

In-situ respironetry
test ++°

Evaluate in-situ mcrobial
activity

Par agraph 3-6b of this EM
Leeson et al. 1995

Volatility of
constituents ++

Deternmine the rate and degree
of contam nant vaporization
estimate initial levels of VOCs
in extracted gas

USEPA 1995
EM 1110- 1- 4001

Moi sture content of
unsaturated zone ++

Moi sture content reduces air

permeability

Par agraph 3-4d of this EM
USEPA 1995

NAPL anal ysis ++

Physi cal and chem cal
conposi ti on of NAPL

Par agr aphs 3-5a(7) and
3-5b(2) of this EM

pH of soil and
groundwat er +

Det erm ne conditions for
bi odegr adati on

Par agr aphs 3-5c and 3-5e
of this EM

Nutrient (e.g.

ni trogen, phosphorus)
concentrations in sol
and groundwater +

Det ermi ne conditions for
bi odegradati on

Par agr aphs 3-5c and 3-5e
of this EM

Metal s concentrations in
soil and groundwater +

May be toxic to mcrobes.
Metal in groundwater rmnust be
consi dered for design of
treat ment systens.

Par agr aphs 3-5c and 3-5e
of this EM

‘I'mportance of data for technol ogy screening indicated by nunber of plusses, +++ nost inportant
*May not be inportant or cost-effective at sites where biodegradation is not expected to

contribute significantly to nass renoval
to aerobic bi odegradation such as PCE or heavy fue

i mportant renedial goal

For exanpl e,
oils;

sites with conpounds that are not anenable
or sites where LNAPL renoval

is the
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3-8. Renedial Technology Options. This section describes a range of ME
options and rel ated technol ogi es that nay be consi dered during the technol ogy
screeni ng process. These include single- and nulti-phase non-vacuum enhanced
and vacuum enhanced extraction technol ogies, as well as alternatives to these
technol ogies (e.g., excavation) and ancillary technologies (e.g., soil
fracturing) that can be used in conjunction with MPE technol ogies. Site-
specific considerations such as soil characteristics, initial and required
contam nant concentrations, and depth to groundwater w || determ ne which
technol ogy or group of technologies will be optimal for a given situation

a. Excavation. Excavation is a renedial option for shallow contam nated
soils that may not be easily treated by in-situ nethods. It is usually limted
to the operating depth of the excavation equi pnent and to vol umes of soil snal
enough that norrmal site operations are not interrupted (APl 1996). The cost of
excavation and disposal is often used as a baseline against which the costs of
ot her technol ogi es are conpared. Wen excavation is perforned, depth to
groundwater is an inportant factor. Once excavati on approaches the groundwater
tabl e, dewatering of the excavation is usually necessary and nethods to keep
the excavation fromcollapsing frominfiltrating groundwater (e.g., slurry
wal I s) may be necessary. Shoring of excavation walls nmay al so be required in
non- cohesi ve, nore perneable soils. Excavated soil can be treated on site
(e.g., treating soil piles via SVE [EM 1110-1-4001]) or disposed of off-site.

b. Conventional LNAPL Recovery. Conventional LNAPL recovery uses an
electric or pneumatic punp to renove LNAPL fromthe surface of the water table.
This is acconplished using a skinmrer punp for LNAPL-only recovery, a dual punp
systemutilizing a subrmersible punp for water table depression with a ski mer
punp for LNAPL renoval, or a total fluids punp which renoves LNAPL and wat er
together and separates the two |iquids aboveground. Conventional LNAPL
recovery is best suited for sites with honbgeneous, coarse-grained soils that
will allow LNAPL to flow freely into a recovery well or trench. Table 3-11
lists advantages and di sadvant ages of various types of conventional LNAPL
recovery systens, and Table 3-12 lists the nost suitable nmethod based on
recovery flow rates

TABLE 3-11

Advantages and Disadvantages of Conventional Liquid Hydrocarbon Recovery Systems

Trenches and Drains [ Skimming Punp Wlls | Single Punp WIIs \ Dual Punp VéIls
Advant ages
e Sinple operation and | » Little or no water e Sinple to operate ¢ Separation of the
mai nt enance i's produced « I nexpensive and product and water
« Materials and + Sinple operation reliable within the wel
equi prent are and nai nt enance + Low operating and * Decreased sol uble
avail abl e local |y * | nexpensi ve mai nt enance costs conponents in the
* Quick, cost- - Create capture produced wat er
effective zones * Allows highest degree
installations are of automation to
possible if soil maxi m ze the rate
conditions are of recovery
favorabl e « Create capture zones
e Conpl ete plune
i nterception
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TABLE 3-11 (Continued)
Trenches and Drains [ Skimming Punp Wlls | Single Punp Wells \ Dual Punp Wlls
Di sadvant ages

« The entire width of the « Small area of influence « Need for aboveground « Higher capital, operating, and
migrating plume must be | « Lack of hydraulic control hydrocarbon/water maintenance costs
bisected unless water separation system « Initial start-up and
depression is used to * Tendency to emulsify the adjustments require
capture the NAPL plume hydrocarbon and water experienced personnel

« Depth limited by soil ¢ The dissolved « Applicability to low
conditions, equipment, components in the transmissivity formations
soil disposal produced groundwater is questionable
considerations, and cost are increased  Larger volumes of extracted

¢ Construction is difficult in « Creates additional smear water require treatment
congested areas zone in the cone of and disposal

« Contaminated soil disposal depression « Creates additional smear

zone in the cone of
depression
After APl 1989. Reprinted by perm ssion of Anerican PetroleumlInstitute. Copyright 1989. Al
rights reserved.

TABLE 3-12

LNAPL Pumping System Versus Recommended Operational Range

Li qui d Production Rate Per Wl
Punp Type Low Medi um H gh
<20 I pm (<5 gpm 20-75 | pm (5-20 gpm >75 | pm (>20 gpm
Ski mm ng
Down hol e

Suction lift

Vacuum enhanced ( MPE)
Shal | ow
Deep

Pneumati c si ngle punp
Subner si bl e
Suction lift

El ectric single punp
Subner si bl e
Suction lift

Two- punp systens
Submersi bl e electric
Subner si bl e pneunatic
Suction lift

Note: Ipm=1liters per mnute; gpm= gallons per mnute
After APl 1989. Reprinted by pernission of Anerican Petroleum Institute. Copyright 1989. All
rights reserved

(1) Trench/Drain Systenms. A trench/drain systeminvolves installation of
a perneable trench to recover LNAPL. A trench is installed with very perneabl e
backfill (e.g., gravel), and sunps or wells are installed within the trench.
This allows LNAPL to flow nore freely fromthe formation into the perneable
trench, and into the sunp(s). LNAPL is then recovered fromthe sunp(s) by one
of the methods discussed in 3-8b(3) and 3-8b(4). Trenches are usually
i nstall ed downgradi ent of a LNAPL plume and may include an inperneabl e |ayer on
t he downgradi ent side of the trench to prevent LNAPL mgration beyond it (API
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1996). They nust be excavated several feet bel ow the | owest seasonal water
table elevation (APl 1996). Figure 3-6 illustrates a typical trench and drain
system

Plan View
Liner (optional)
Hydrocarbon Recovery well
Source or sump

Sand or Gravel

Groundwater FIOW sl

Section View

Hydrocarbon
[ Water

Hydrocarbon Separator
Source

Surface Seal
Liner (optional)

Sand or gravel

Screen or slotted pipe

M980237

Figure 3-6. Trench and Drain LNAPL Recovery System. (APl 1996. Reprinted by permission of American
Petroleum Institute. Copyright 1996. All rights reserved.)

(2) Recovery Wlls. Another nethod of LNAPL recovery is via recovery
wells. Recovery wells are of l|arge enough dianeter to acconmpdate a LNAPL
recovery punp. Wells typically do not recover LNAPL at rates as high as
trench/drain systens because they do not influence as large an area. Wlls do,
however, offer nmore flexibility in design, placenment, and operation than a
trench and drain system (APl 1996).

(3) Skimming. Skimming involves renpval of LNAPL only that drains from
the formation into a recovery well or trench/drain system Skimm ng systens
rely on passive novenent of LNAPL into the product recovery system and
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therefore have a very snmall radius of influence outside of the well or trench
(Leeson et al. 1995).

(4) Drawdown. LNAPL recovery by drawdown can be performed using a single
total fluids punp or separate groundwater and LNAPL recovery punps. Single
punp systens are installed below the water table and extract groundwater and
LNAPL in the sane streamthat is then separated aboveground. Dual punp systens
use a subnersible water punp to | ower the groundwater table and an LNAPL
skimming punp to recover LNAPL that migrates into the well. Drawdown systens
for LNAPL increase recovery by depressing the groundwater table, which induces
a gravity gradient for LNAPL to flow into the collection system (Lesson et al
1995). Drawdown can, however, result in entraprment of LNAPL within the cone of
depression, potentially deepening the snmear zone of LNAPL in the soil, which
can be difficult to renmediate (Leeson et al. 1995). Figure 2-6b illustrates a
dual punp system for LNAPL recovery.

c. Vacuum Dewatering. Dewatering has |ong been a technique used in the
construction industry to prevent water exfiltration fromthe soil into
excavations and to stabilize soils to prevent excavation sl opes from
collapsing. Silt and clay excavations often have very unstabl e sl opes and
sidewal I s (Powers 1992). Unstable silts can "act as a liquid" and destabilize
the lateral |oads on sheet piles, causing bracing failures (Powers 1992),
particul arly when subjected to aboveground conpressi on from heavy construction
equi prent. Since silts and clays typically produce relatively |ow water flow
rates when relying solely on gravity drai nage, vacuum dewatering using cl osely
spaced well points is conmon. Vacuum dewatering well points typically produce
hi gher (though still low) water flow rates that can dramatically increase the
stability of excavation side walls. Powers (1992) reports that this beneficial
effect is observed even in sedinments where the reduction in noisture content

due to vacuum dewatering is small. Vacuum dewatering is typically achieved
using driven well points that are sealed at the ground surface to ensure that
the vacuumis transmitted to the soil. Vacuumis applied to the well points

either using oil-sealed or water-sealed rotary vane or liquid ring punps. Use
of these punps may be hanpered by the Iimt of vacuumlift, e.g., 30 feet (9.1
m of water. FEjector punps (sonetinmes referred to as jet punps) are comonly
applied for construction dewatering at depths deeper than 28 feet (8.5 m.
Powers (1992) is an excellent resource for additional information about
excavati on dewatering techni ques and comon practice.

d. Vacuum Enhanced LNAPL Recovery. MPE has evolved as a renediation
nmet hod that applies the technol ogy pioneered for construction vacuum dewat eri ng
to enhance the recovery of LNAPL. At many sites, LNAPL present in the
capillary fringe can not flow toward extraction wells due to capillary forces
hol ding the LNAPL within soil pores (Baker and Bierschenk 1995). This
phenonmenon is comon in fine-textured soils such as fine sands, silts and
clays. By applying high vacuuns at extraction wells, the capillary forces
hol ding the LNAPL in the soil can to sonme degree be overcone and LNAPL can fl ow
toward the extraction well. This technique can be inplenented in two ways: MPE
wi t hout drawdown of the surroundi ng water table (anal ogous to LNAPL ski mm ng)
and MPE with drawdown (anal ogous to LNAPL recovery using dual punps). These
techni ques are di scussed bel ow.

(1) MPE Wthout Drawdown.

(a) MPE without drawdown is often conceived of as simlar to free-product
skimming with the addition of vacuum applied at the extraction well to induce

LNAPL to migrate toward the well. Under these circunstances, the vacuumis
typically applied at the water table surface where the LNAPL resides, and the
LNAPL is induced to travel horizontally toward the MPE well. This process can
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be i nplenmented by either applying a vacuumto the top of a seal ed conventi onal
wel | containing a skiming punp or using a drop tube to apply the vacuum and
extract the LNAPL.

(b) This comron conceptualization of MPE w thout drawdown must be nodified

to account for upwelling of liquid in and around the extraction well. As
described previously, application of a vacuumto an extraction well initiates a
conpl ex response of water, LNAPL, and air around the well. However, the

i nfluence of the applied vacuumin the formation outside of the imredi ate well
area can induce LNAPL to migrate toward the well and eventually flowinto the
well. |If a skinmmer is used for product recovery and the vacuumis applied at
the well head by a separate piping system then there may not be an increase in
subsurface vacuum Because upwel ling can offset the air vacuum gradi ent
created by the extraction of air, the benefit of such a configuration is
limted to overconming the capillary pressure preventing the product from
entering the filter pack.

(c) Unlike conventional LNAPL skinm ng, MPE without drawdown typically
extracts significant quantities of water along with air and LNAPL fromthe
subsurface. Therefore, in addition to LNAPL collection, the water and air
streans nust al so be nanaged and treated.

(2) MPE with Drawdown. The use of MPE with drawdown is a neans of
i ncreasi ng NAPL recovery. It also dewaters the zone below the water table in
an area around the well, exposing residual NAPL in that zone to the air phase

(a) MPE with drawdown is sinply a vacuum enhanced version of conventiona
LNAPL recovery with drawdown. When a vacuumis applied to a conventional LNAPL
recovery with drawdown system the inposed vacuum gradi ent provides a force in
addition to the gravitational force inducing LNAPL to flow toward the
extraction well. The applied vacuuminduces greater water (and NAPL) flow to
the well than can be achi eved under typical drawdown conditions. This process
can al so be enpl oyed using a drop tube placed bel ow the water table, extracting
water, LNAPL, and air all through the sanme tube. (Using a drop tube instead of
a downhol e dual -punp or total fluids punping systeminvol ves ot her
complications regarding the dynamcs of liquid and droplet flow in pipes as
descri bed in paragraph 2-5d.)

(b) As in MPE w thout drawdown, MPE with drawdown wi || generate
groundwater, air and LNAPL to be nmanaged and treated aboveground. MPE with
drawdown will typically result in nore groundwater extraction froma given well
than MPE wi t hout drawdown. However, the nost commonly perceived benefit of
using this technique is to dewater the soil surrounding the MPE well to expose
to air discontinuous ganglia of LNAPL trapped below the water table. As the
water table is drawn down, these ganglia may either drain toward the declining
wat er table surface due to gravity and vacuum i nducenent, or they nay
volatilize and be extracted in gas that flows to the MPE well.

e. Miltiphase Extraction to Enhance SVE/BV. MPE is generally acconpli shed
using two distinct technol ogi es. Dual -phase extracti on (DPE) technol ogy
general |y enpl oys separate punps to extract liquid and gas froma well. Two-
phase extraction (TPE) extracts liquid and gas froma well using a single
suction pipe or conduit. These technol ogies are discussed bel ow.

(1) Dual -Phase Extraction

(a) DPE systens typically use a subnersible or pneurmatic punp to extract
ground water, and a | ow vacuum (approximately 76 to 305 mmHg, or 3 to 12
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i nches Hg) or a high vacuum (approximately 457 to 660 mm Hg, or 18 to 26 inches
Hg) blower to extract soil gas (USEPA 1997a; Zahiral esl anzadeh 1998). A
typical DPE systemis shown in Figure 3-7. DPE can be used to perform MPE
either with or without drawdown. The anmount of drawdown is determ ned by
setting the intake of the punp or the level controls.

Atmospheri
NAPL-water NAPL [t)is?:?]%rgec
Water Separator Storage unit
Treatment Appropriate
System Gas Treatment
Water Discharge
- Blower
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Extraction tube -. :

& Gas Flowz
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Petroleum |—=———="7 ICIZ))r|1s;i:~:,5c()alved
Product T _
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- > - B

M980276.eps

Figure 3-7. Typical Dual-Phase Extraction System. (After USEPA 1995)

(b) A key attribute of the DPE technology is that |iquids and gas are
wi thdrawn fromthe extraction well via separate conduits, allow ng i ndependent
measur enent and control of the flows of each fluid. Such independent
measurenent and control of the fluid flow are not readily acconplished with
TPE, which can be particularly inmportant in a multi-well system where several
wel l's are connected to the sane bl ower or punp via a comon manifol d.

(2) Two-Phase Extraction

(a) TPE is characterized by extraction of liquids and air froma well
using a single suction pipe (Figure 3-8). TPE enploys a high vacuum
(approxi mately 457 to 660 nmHg, or 18 to 26 inches Hg) punp to extract tota
fluids froman extraction well (USEPA 1997a). A suction pipe (often called a
drop tube or a slurp tube) is lowered into the extraction well to a
predeterm ned depth to acconplish MPE either with or wi thout drawdown. MPE
capital costs are reduced by using a single punping system
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Figure 3-8. Typical Two-Phase Extraction System. (After USEPA 1995)

(b) Liquid lift via the TPE method is acconplished either by direct
vacuum lift (i.e., where one inch of water vacuumrai ses the water |evel by one
inch), or at depths greater than 9.1 m(the limit of suction lift of water
Powers 1992), by entraining liquid droplets in air and renoving both phases
toget her simultaneously fromthe well. Turbulence in the suction pipe nmay cause
these droplets to hit the sides of the pipe. In this case, the liquid forns a
| ayer on the inside of the pipe that is forced up the well by the velocity of
the air inside the pipe. Under these conditions, the effective extraction
depth can be nuch greater than 9.1 m (30 feet) as long as the air velocity in
the pipe is sufficient to force the liquid up the pipe. There are differing
opinions regarding the air velocity necessary to aspirate liquids froma well.
M ckel son (1994) recommends linear air velocities in excess of 914 mnin (3,000
ft/mn). AFCEE has reported velocities as low as 275 minmin (Kittel et al.
1995). A velocity of 500 mimn can be assuned for nost TPE applications. It
may be necessary to consider patent issues associated with TPE (see paragraph
9-3).

(3) DPE and TPE Consi derati ons.

(a) Liquid and gas flow fromextraction wells can be measured and
controlled nore effectively in DPE systens conpared to TPE systens. Therefore,
DPE provides nore opportunity for developing a systemin which flow rates from
the MPE wells in a network can be bal anced to accommodate differences in soi
characteristics across the treatnment area. A comon problemw th TPE systens
is breaking suction at one or nmore of the wells in the network. |f a single
well is able to produce a high flowrate of air, then the vacuumin the entire
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system can be reduced to a level that is insufficient for liquid extraction at
other wells. This phenonmenon is shown in Figure 3-9. As shown in this figure,
there typically is little advance indication that a break in suction is about
to occur. Wile the gas (and liquid) flows fromeach well are apt to differ
(due to variability in subsurface properties), the vacuuns being applied to
each well are typically set at simlar levels to balance the system Wen nore
air enters one of the wells, which can occur if the soil is nore perneabl e at
sone | ocations than at others (as is often the case), then the TPE system
short-circuits and both the applied vacuumand flows greatly dimnish at the

ot her, non-breaking wells.
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Figure 3-9. Two-Phase Extraction (a) Before and (b) During Vacuum Breaks.

(b) This effect of breaking suction is mnimzed or elimnated in a DPE
system since the flowrates of gas and liquid can be nonitored and controlled
separately. Suction break is controlled in the liquid punp with | evel sensors
that shut down the punp when the water |evel approaches the intake. Wth DPE
moni toring of individual well gas flows permts advance warni ng that suction
may be about to break, and allows provision of a feedback systemto reduce the
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flow fromthe problemwell or wells. Thus, suction breaks are preventabl e,
resulting in better control, |ess downtine, and nore efficient operation for
het erogeneous, multi-well sites.

(c) However, this degree of control cones at an increased capital cost for
compar abl e DPE versus TPE systens. Liquid punping systens in soils that
requi re high vacuuns can be quite expensive. The selection of a |iquid punping
systemfor DPE will depend upon the depth to the water table. For depths
greater than 9.1 m subnersible punps are typically used to evacuate |iquids
fromthe extraction wells. In |low perneability soils, nore costly pneumatic
punps may be required.

f. Vacuum Enhanced G oundwater Punp and Treat.

(1) Vacuum enhanced punp and treat nay be used to increase the groundwater
capture zone of a punping well beyond that which can be achi eved by groundwater
punmpi ng al one. Because the discharge that can be obtained is proportional to
the capture zone (that zone within the cone of depression), this nethod
i ncreases the rate of groundwater w thdrawal from an individual well. This
nmet hod t hus can decrease the nunber of wells that are needed. The nethod is a
type of MPE, the differentiating factor being that in this case groundwater is
the target, and the aimis to wi thdraw as nuch groundwater as possible. This
method is applicable in situations where transmissivity is |ow due to smal
saturated thickness and/or relatively |ow perneability (in the range of 10° to
10° cni sec).

(2) As in other types of MPE, a single- or dual-punp systemis used. A
single-punp (TPE) systemutilizes one punp to extract liquid and gas via a drop
tube. This type of systemis not usually a cost-effective means of enhancing
groundwat er recovery.

(3) A dual -punp system (DPE) uses separate |liquid and gas punps. A vacuum
is applied at the well head, while a second downhol e punp is used to withdraw
['iquids.

g. DNAPL Recovery.

(1) At sone sites, the physical/chem cal properties of the DNAPL conbi ned
with the release history and geologic conditions result in the fornmation of
zones of potentially nobile DNAPL (e.g., pools). Wen nobile DNAPL is
encountered, there are a nunber of nethods and designs that can be enployed to
ensure optinmal recovery efficiency. Under the nost favorable conditions,
direct recovery will renove between 50 and 70 percent of the DNAPL in the
subsurface (Pankow and Cherry 1996). The remaining residual DNAPL will stil
be sufficient to serve as a significant long-termsource unless it is addressed
t hrough ot her neans.

(2) In order to properly design DNAPL recovery systens, it is inmportant to
know where the nobile DNAPL is |located in the subsurface. |n unconsolidated
deposits, sufficient geologic information nust be obtained to delineate the
stratigraphy, map the extent of the DNAPL (fromthe "outside-in", if possible),
and identify the extent and orientation of the |ow perneability, fine-grained
deposits that may be trapping the DNAPL. These data can be obtained quickly

and cheaply using direct-push drilling nmethods to collect continuous soil cores
(paragraph 3-4h(2)). It is inportant to carefully screen and inspect the cores
to determne the | ocations of the nobile DNAPL zones and the controlling
stratigraphic zones. |n sone cases, the bedrock surface underlying the

unconsol i dated deposits nmay act as a confining layer and result in the
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formati on of nobile DNAPL at the bedrock-soil interface. |In these situations,
non-invasi ve geophysi cal nmethods may be used to attenpt to delineate the

t opography of the bedrock surface and identify | ow points where DNAPL rmay be
t rapped.

(3) Once the nobile DNAPL zone(s) are identified, the extraction system
can be designed. The screen interval of DNAPL recovery wells should correspond
to the subsurface zone containing the DNAPL. At sites where several zones are
encountered at different elevations, it is advisable to begin extracting from
t he upper-nost zone first and then extracting from progressively | ower zones
once the upper zone(s) have ceased DNAPL production. This will naxim ze
recovery efficiency and minimze the potential for uncontrolled nobilization

(4) Creating a shallow sunmp in a |less pernmeable stratumat the bottom of
the well for the collection of the DNAPL may al so be advi sable. The sunp wll
provide a convenient and efficient location for placing the intake of the DNAPL
punp (M chal ski et al. 1995).

(5) A total liquids approach can be used (i.e., water and DNAPL are
removed fromthe well via one punp and then separated at the surface). This
may m ni m ze equi prent costs; however, it is not the nost efficient approach
As the DNAPL and water are extracted fromthe well, the DNAPL saturation is
decreased in a zone around the well, the relative perneability of the fornation
with respect to DNAPL is decreased, and the DNAPL production rate decreases.
Eventual |y, a zone of residual (non-nobile) DNAPL is created around the well
and the well no | onger produces DNAPL.

(6) The ideal approach is to nmaintain or enhance DNAPL saturation around
the well in order to increase renoval efficiency. DNAPL extraction can be
enhanced using a dual punping approach, where water is renoved separately from
the zone i medi ately above the nobile DNAPL (Sal e and Appl egate 1997). This

approach results in upwelling of DNAPL in the well, and increased DNAPL
saturations in the imediate vicinity of the well. A variation of this
approach is to apply a vacuumto the upper of the two wells, to decrease the
pressure head in the well. This has a sinilar effect as punping water, in that
it results in a decrease in the total head in the well (i.e., increased

hydraul i ¢ gradients near the well) and i ncreased DNAPL t hi cknesses,
saturations, production rates, and renoval efficiencies.

h. Ancillary Technol ogi es.
(1) Soil Fracturing.

(a) Soil fracturing is a technique that may enhance the effectiveness of
MPE renedi ati on systens. The essence of this enhancenent is the creation of
additional high perneability pathways within otherwi se |ow perneability strata
to extend the influence of MPE wells. Soil fracturing can be acconplished
either pneumatically (i.e., by injecting air at high pressure) or hydraulically
(i.e., by injecting water, or a slurry of water and sand and/or gel) into the
soil to create fractures or channels. Fractures are created in borehol es by
injecting the air or water slurry at high pressure at intervals along the depth
of the boring. A typical application nay devel op fractures approximately 0.5
to 1 cmwi de (pneurmatic) or 1 to 2 cmw de (hydraulic) at 2 foot (60 cm
intervals along the borehole. The fractures typically formhorizontally away
fromthe borehole (though they may propagate vertically as well), in a radius
of 10 to 60 feet fromthe borehole (USEPA 1997a). The soil hydraulic
fracturing often includes injection of material such as sand and gel (e.g.,
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guar gum to keep the fractures open (often descri bed as "propped open"). In
contrast, pneumatically created fractures may cl ose somewhat over tine.

(b) The new network of fractures increases the surface area of soi
af fected by the vacuum subsequently applied at the MPE well. In this way, soi
fracturing has the potential for increasing the zone of influence of an MPE
wel . However, the effectiveness of soil fractures will depend upon the
remedi ati on objectives of the MPE system Soil fracturing will increase the
flow of air and liquids into MPE wells, and therefore can increase the rate of
mass renoval fromthe subsurface. |If nass renoval is the primary objective
then soil fracturing can be a useful enhancenent. However, if a MPE systemis
i ntended to extract the contami nation that resides within the |ow perneability
soil matrix (e.g. if soil concentrations must be reduced to a specified | evel),
diffusion linmtations may still prevail even after soil fractures are
devel oped. Murdoch (1995) and Shuring (1995) provide further information
regarding the applicability and performance of soil fracturing.

(2) Ar Injection. As described in Chapter 3 of EM 1110-1-4001, air
injection into the vadose zone is a useful enhancenent of the SVE process. Air
injection into the vadose zone can acconplish several purposes:

(a) It can increase the effectiveness of SVE by increasing subsurface
pressure gradi ents, thereby increasing subsurface gas flowrates. Airflowto a
SVE well is generally a function of the soil perneability and the subsurface
pressure gradient. |If SVE is achieved through extraction alone, then the
maxi mum pressure gradient is between essentially atnospheric pressure and the
SVE wel |l vacuum If air is injected at a substantial pressure, then the
pressure gradient increases and airflow rates increase proportionally.

(b) In addition, air injection within a nulti-well MPE wellfield can help
elimnate stagnati on zones that may devel op where nultiple MPE wells "negate”
each other's influence. This effect is depicted in Chapter 5 of EM 1110-1-
4001.

(c) Ar injection is also one of the primary nethods of inplenmenting
bi oventing within the vadose zone. Bi odegradati on of vadose zone contam nants
is often oxygen-limted. Air injectionis the preferred nethod of supplying
oxygen, since this nethod does not require extraction and treatnment of
contam nat ed air aboveground.

(3) Ar Sparging. Air sparging is a technology for renediation of in-situ
soil and groundwater. It involves injection of air below the water table,
whi ch causes di ssolved volatile contam nants to partition to the gas phase for
subsequent extraction in the vadose zone via soil vapor extraction. Air
spargi ng al so provi des oxygen to groundwater and soil, pronoting aerobic
bi odegradati on of contam nants. EML110-1-4005 In-Situ Air Sparging provides
gui dance on this technol ogy.

(4) Surfactant/ Cosol vent Fl ushi ng.

(a) Surfactant or cosolvent flushing is an energi ng technol ogy for
i ncreasi ng the effectiveness of groundwater extraction and MPE systens. The
prem se of this technology is that nost organic NAPL is only sparingly soluble
in water and therefore will persist in the subsurface for a very long tine.
However, chem cal anendments to the groundwater can cause nmany types of NAPL to
di ssolve in the groundwater much nore readily. Cosolvents such as al cohols, or
surfactants such as detergents can, when added to the groundwater in high
concentrations (e.g., 50% by volune in the case of cosolvents), enhance the
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rate of NAPL dissolution by orders of magnitude. In this way, a MPE system
that would require extraction of thousands of pore volunes to "flush" residua
NAPL fromthe saturated zone by groundwater dissolution and extraction al one
m ght require extraction of tens or hundreds of pore volunmes of chemically
amended wat er.

(b) Inplementation of surfactant or cosol vent flushing invol ves
installation of injection wells to introduce the chemical amendment into the
contam nated zone. Goundwater is typically recirculated through the
contam nated zone in an effort to achieve the wi dest possible dispersion of the
additive throughout the contam nated area. Wiile this technology is quite
promising, it is also relatively expensive. This approach suffers fromthe
same limtations as MPE i n heterogeneous unsaturated soils; that is, the
tendency of the surfactant/cosol vent | aden water to preferentially flow through
the highest perneability strata, which may not be where the bul k of the
cont am nant nass resi des.

(c) Geat care nust be exercised when injecting surfactants or other
chemicals into the subsurface. The risk of nobilizing contam nants in the
absence of adequate hydraulic control is significant with these technol ogi es.
For this reason, regulators are often wary of approving renediation plans
i nvol ving the injection of chemicals such as surfactants.

(d) The AATDF Technol ogy Practices Manual for Surfactants and Cosol vents
(TR-97-2, available on the internet at www cl u-in. org/ PRODUCTS/ AATDF/ Toc. ht n)
produced by the DOD Advanced Applied Technol ogy Denonstration Facility Program
at Rice University, provides further information regarding eval uati on and
potential application of surfactant/cosolvent flushing for renediati on of
subsurface contam nation. The report provides a basic understandi ng of the
technologies, their applicability and linmtations, and an understandi ng of the
factors to be considered when inplenenting projects.

(5) G oundwater Punp-and-Treat.

(a) Goundwater punp-and-treat is the process of renpving contam nated
groundwat er via recovery wells and punping it to the surface for treatnent.
Punp and treat is primarily used as a technology for plune containnent.
Extracted groundwater is treated by one of several nethods based on its
contam nant concentration and contam nant properties. |In nost hazardous waste
site punp-and-treat systems, groundwater is treated by air stripping (for
vol atile contami nants), ultraviolet oxidation, and/or carbon adsorption (for
renoval of additional contam nants or polishing). Punp-and-treat may be a
vi abl e option to keep contam nated groundwater frommigrating off site or to
enhance recovery of contaminants in the capillary fringe when operating
concurrent with soil vapor extraction. As the sole renediation process,
however, punp-and-treat can take a very long tinme to clean up a site. This is
because it wll only recover dissolved contaninants w thin the groundwater and
will not renedi ate residual contam nant or treat the source of the
contam nation. MPE can be used to replace punp-and-treat, particularly at
sites with low transnissivities. Mre information on groundwater punp-and-
treat can be found in USEPA 1990, Basics of Punp-and-Treat G ound-Water
Remedi ati on Technol ogy; NRC (1994); and ot her USACE gui dance on groundwat er
extraction | essons |earned.

(6) Thermal Enhancenents.

(a) There are a nunber of methods that can be used to inject or apply heat
to the subsurface to enhance MPE. Thernmal enhancenent is used to | ower the
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viscosity of NAPL, increase the vapor pressure and solubility of VOCs or SVQOCs
to enhance their renoval, and/or increase air perneability by renoving soi
noi st ure.

(b) Steaminjection may displace nobile contaninants, pushing them ahead
of the condensing water vapor ("steamfront") toward extraction wells, as well
as vaporize residual volatile constituents. Thus, contam nants can be
recovered in both the Iiquid and gas phases. Steam may be injected above or
bel ow t he water table.

(c) Electrical energy may be applied to soil in the | ow frequency range
used for electrical power (electromagnetic, alternating current, or resistivity
heating) or in the radio frequency (RF) range. For |ow frequency range
heating, the boiling point of water (100°C) is the highest tenperature that can
be achieved. RF heating can achi eve higher tenperatures of up to 300° or
400° C. However, RF is only about 40%efficient in producing heat from
el ectrical energy.

(d) Thermal conduction heating, or "in-situ thermal desorption,” relies on
conduction rather than convection to heat subsurface soils. For shallow soi
contam nation, surface heater blankets rmay be used. For deeper soi
contam nation, heater wells are used. Mbst contam nants are destroyed in situ
while the remai nder volatilize, and are renpved by vacuum and treated
aboveground usi ng VOC em ssion control equi pnent.

i. Exanples of Integrated Technol ogies. Gven the nature of subsurface
contamnation, it is conmon to apply nore than one technology to renediate a
site. For exanple, it is conmon to have both groundwater and vadose zone
contamination at the same site. MPE may be integrated with several of the
ancillary technol ogi es descri bed above. Many of these technol ogi es include
extraction as part of the process. In nmediumand |ow perneability soils (i.e.
< 10 cmisec hydraulic conductivity), extraction will best be performed using
an MPE-type system For exanple, extraction in a cosolvent flushing systemin
10" cnf sec sands can be performed using MPE. Sinilarly, gases generated using
hi gh tenperature thernal desorption technol ogy, along with excess water, can be
captured using MPE technology in fine-grained soils.

3-9. Feasibility Studies for IMPE.

a. The Feasibility Study (FS) is a conbination of the physical, chem cal
and bi ol ogi cal eval uations described in the previous sections, paired with an
eval uati on of the potential renedial approach(es). N ne evaluation criteria are
specified for feasibility studies for CERCLA sites (USEPA 1988). Simlar
criteria are specified for RCRA Corrective Measures Studies. |n addition, many
states have adopted sone or all of these criteria for feasibility studi es under
state regulatory prograns. The criteria are: 1) overall protection of human
health and the environment, 2) conpliance with applicable or relevant and
appropriate requirenments (ARARs), 3) long-termeffectiveness and permanence, 4)
reduction of toxicity, nmobility, and volune through treatnment, 5) short-term
ef fectiveness, 6) inplementability, 7) cost, 8) state acceptance, and 9)
community accept ance.

b. The practitioner nust consider a variety of technol ogi es before
sel ecting a remedi ati on approach. Figure 3-1 provides a decision tree for
eval uating the technical applicability of MPE, i.e., whether, in one of its
various forns, MPE is appropriate for a given site. Use of this decision tree
requires site-specific values for each of the paraneters/criteria referenced in
the decision tree.
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c. Apart of the feasibility study is an econom c evaluation of the l|ikely
cost to test and inplenent MPE, in conparison to other technol ogies. Many
feasibility studies recommend the technology that is likely to attain cleanup
goals for the site at mninmumcost. For an in situ technol ogy such as MPE
this cost of treatnment is very site-specific, and is prinmarily affected by the
concentration and mass of extracted hydrocarbon that must be treated and site
stratigraphy and perneability. Cost estimates for each of the alternatives
nmust include treatment of all of the extracted waste streans (NAPL, water, and
air). Oher inmportant cost considerations include the nunber of wells that are
required to achieve sufficient air and liquid flowin the treatnent zone; the
conplexity of the system which dictates the Q&M | evel of effort; and the
projected tine of treatnment required.

d. An FSreport is usually prepared in which potential renedia
technol ogies are identified and eval uated against the required criteria. The
FS will generally lead to a site-specific MPE pilot test if the technol ogy
still appears promsing. Alternatively, pilot testing my be perfornmed as part
of the FS. Laboratory tests may al so be perforned, for exanple, |aboratory
columm studies simulating airflowin soil my be informative (e.g., Ji et al.
1993). The use of |l aboratory scale testing for technol ogy assessnent shoul d be
cautiously approached as scaling and sizing issues may be | eft unresol ved.
Pilot test nethods and gui dance will be provided in the next chapter.
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